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Introduction

Compared to OFDMA, SC-FDMA offers a low PAPR, which is highly desirable for the LTE UL transmission scheme. However to find the optimum technique, several recent contributions deal with investigating specific spectrum shaping functions, various low PAPR modulation schemes or other PAPR reduction methods. The main goal of all those studies is to balance the PAPR or CM versus the spectral efficiency and reduce the required input power back-off to achieve the requested target BLER.

In this contribution we analyze QPSK and 16‑QAM modulation together with different spectrum shaping functions and discuss corresponding PAPR figures. The results show that spectrum shaping can achieve effective PAPR reduction. For example the Kaiser windowing as described in [1] is a promising candidate here. However for the LTE SC-FDMA also the RRC spectrum shaping with a roll-off factor α ≈ 0.14 seems to us appropriate. This selection is especially justified due to its good tradeoff between power amplifier and link performance efficiency.
QPSK Modulation Scheme
The key operation in spectrum shaping in the frequency domain is the element-wise multiplication of the DFT outputs with a window sequence. Depending on the filtering function, if the signal is mapped on a larger set of sub‑carriers than output by the DFT, periodic extension is applied.
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Figure 1: PAPR for RRC (left) and Kaiser (right) spectrum shaping (QPSK)
Figure 1 shows the CCDF of the PAPR for RRC and Kaiser spectrum shaping. The 99.9% PAPR without windowing is 5.8 dB and can be reduced by 0.8 dB for α = 0.15. The Kaiser window is a little bit more efficient. Utilizing β = 2.0 results in a reduction of about 1 dB.
In order to asses the impact of different transmission signals on typically nonlinear power amplifiers besides PAPR the cubic metric has been proposed to be adopted by 3GPP [2]. For the different cases studied and presented in Figure 1 also a reduction in CM is achieved due to spectrum shaping. The relative gains are somewhat lower compared to the 99.9% PAPR gains. For α = 0.15 a reduction of 0.6 dB is achieved.
16‑QAM Modulation Scheme
Figure 2 shows the CCDF of the PAPR for 16‑QAM in case of RRC filtering and Kaiser spectrum shaping. For α = 0.0 a 99.9% PAPR of 6.7 dB results and can be reduced by 0.3 dB for α = 0.15. Again the Kaiser window is slightly more efficient in terms of PAPR reduction. Compared to α = 0.0 utilizing β = 2.0 results in a reduction of 0.4 dB.
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Figure 2: PAPR for RRC (left) and Kaiser (right) spectrum shaping (16‑QAM)
Relating to the different cases studied and presented in Figure 2 also a gain in terms of CM is achieved due to spectrum shaping. The relative gains in terms of CM are lower than the PAPR gains e.g. for α = 0.15 a reduction of 0.2 dB is achieved. In general the influence of spectrum shaping for 16‑QAM is less compared to QPSK due to the worse PAPR caused by the modulation. 
Comparison of Spectrum Shaping
Figure 3 shows the 99.9% PAPR for QPSK and 16‑QAM with different spectrum shaping functions and parameters. For QPSK and RRC filtering it can be seen that most of the gain can be achieved when setting α ≈ 0.14. Figure 3 shows that the Kaiser window is slightly more efficient than RRC. To exploit the benefits for QPSK and 16‑QAM a setting of β between 1.5 and 2.0 is advantageous.
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Figure 3: PAPR for QPSK (left) and 16-QAM (right) with spectrum shaping
Performance Analysis
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Figure 4: BER for SC-FDMA with RRC spectrum shaping (QPSK)
Figure 4 shows the raw BER of SC-FDMA for AWGN with RRC spectrum shaping and different α settings. The raw BER performance is indicative for the resulting Eb/No efficiency. For increasing α, to achieve the same target BER a higher transmission power is needed. Therefore from the performance curve it can be seen that the Eb/No efficiency is reduced which is a drawback contrary to the advantageous achieved PAPR reduction. Thus for an efficient PAPR reduction scheme the loss in required Eb/No should be justified by the achieved gain in PAPR or CM.

Conclusion

In this contribution we analyzed different spectrum shaping functions and presented a methodology how to asses the efficiency of PAPR reduction schemes. The results show that spectrum shaping is a means to further reduce the PAPR or CM of SC-FDMA in the UL. However besides the PAPR and CM reduction the Eb/No efficiency is an important issue. The proposed straight forward way to assess different PAPR reduction schemes for LTE is to take RRC shaping together with a roll-off factor α ≈ 0.14 as working assumption and compare its performance with other promising schemes. A further aspect not mentioned in this paper is the out-of-band emission which should also be investigated.
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