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1 Introduction

In RAN1 #86bis, the agreements on waveform and modulation are listed as follow [1].
Agreement:
· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz

· FFS additional low PAPR techniques 

· CP-OFDM waveform can be used for a single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to a single stream transmissions (targeting for link budget limited cases)

· Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use

· Note: both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs

· RAN1 should target for a common framework in designing CP-OFDM and DFT-S-OFDM based waveforms (without compromising CP-OFDM performance/complexity), e.g., control channels, RS, etc.
· Discuss further offline for possible refined evaluation assumptions/methodology for waveform evaluations

Agreements:
· The same constellation mapping as used in LTE (i.e. QPSK, 16QAM, 64QAM and 256QAM) is introduced, while not precluding other constellation mappings
· Note that there might be possibility to exclude some of above constellation mapping based on the further study
· Enhancement modulation schemes for further study include

· Higher order modulation in conjunction with MIMO

· Constellation mapping among subcarriers

· Other constellations (e.g., non-uniform QAM) 

· Coded modulations

· Spatial modulation

· Mappings of bits to symbol(s)
· Rotated-QAM up to BPSK, QPSK
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-QAM (0<k<=1)

· FFS k (e.g., k = 0.5 for BPSK, 0.25 for QPSK)

· Constellation Interpolation

· Note: Other modulation schemes or combinations of the above schemes are not precluded

Note: Proponents should describe the details of the receivers
In line with these agreements, we discuss in this contribution several low-PAPR variants of waveform and low order modulation schemes based on DFT-s-OFDM.
2 Low PAPR DFT-s-OFDM Based Methods
There are some transparent methods and non-transparent methods that can be used to reduce PAPR of DFT-s-OFDM. The implementation and performance of different methods are discussed in section 2.1 and 2.2. However, PAPR reduction does not directly translate to coverage enhancement [2]. The usefulness of PAPR reduction in different frequency ranges is discussed in section 2.3.
2.1 Transparent Methods
The common transparent low PAPR methods are clipping and companding, whose example is shown in Figure 1.  The total clipping process is clipping and filtering process (CAF), followed by a filtering which can be applied in either time domain or frequency domain. To obtain much lower PAPR, an iterative process may be needed. Similarly, the companding dealing with each sample increases the complexity.
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Figure 1. Transparent low PAPR methods: clipping and companding

Observation 1: Clipping and companding can reduce PAPR of DFT-s-OFDM. The PAPR gains are positively proportional to complexity of clipping and companding.
2.2 Non-Transparent Methods
Technically, there is a non-transparent method, rotated QAM, can be applied to further reduce the PAPR of DFT-s-OFDM. 
Rotated QAM modulation (e.g., Pi/2-BPSK, Pi/4-QPSK) can achieve lower PAPR performance than conventional BPSK and QPSK modulation. High PAPR is mainly caused by power fluctuation and overlapping of symbols, especially for in-phase add/ subtraction. Rotated QAM such as Pi/2 BPSK shifts half number symbols to imaginary part that will reduce the number of symbols in-phase add, which is shown in Figure 2.
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Figure 2. Amplitude of each symbols of rotated QAM modulation (e.g. Pi/2-BPSK) 

Observation 2: Rotated QAM can reduce PAPR of DFT-s-OFDM.
Table 1:  PAPR performance of BPSK and Pi/2-BPSK
	Modulation
	PAPR[dB]@6RBs

	
	CCDF@10^-2
	CCDF@10^-3
	CCDF@10^-4

	BPSK
	8.1
	8.6
	8.9

	Pi/2-BPSK 
	5.5
	6.0
	6.3

	Pi/2-BPSK Clipping@3dB
	2.7
	2.8
	3.0


As shown in Table 1, the PAPR gain of Pi/2-BPSK DFT-s-OFDM is 2.6dB compared to BPSK DFT-s-OFDM, while the gain increased to 5.5dB with clipping methods clipped @3dB. 
2.3 Usefulness of Low PAPR Technology
Though many methods can be applied to DFT-s-OFDM, the necessity and benefit of PAPR reduction for DFT-s-OFDM still need to study, depending on the frequency range.
2.3.1 High Frequency Scenarios
For high frequency scenarios, firstly the evaluation parameters need to study, such as the values of ACLR, maximal output power, spectrum mask, PA model, and so on. Considering the implementation complexity and power consumption, the DPD may not be used in high frequency case. The phase noise, PA non-linearity will decrease the performance of all evaluated parameters: EVM, ACLR and unwanted emission. So for high frequency scenarios, DFT-s-OFDM may not fulfil all the requirements with maximal output power. In this way, PAPR reduction methods for DFT-s-OFDM in high frequency may be needed.
However, the reduction of PAPR does not mean the improvement of coverage and BLER indeed. A large PAPR gain may just translate to a small EVM and OBO gains. The transparent PAPR reduction method will cause additional EVM loss itself and the non-transparent PAPR reduction method such as rotated QAM provides limited PAPR gain. So the total BLER and coverage gains with PAPR reduction methods may be limited and need to further study.
Proposal 1: PAPR reduction doesn’t directly translate to coverage enhancement. The necessity and benefit of PAPR reduction for DFT-s-OFDM may need further study for high frequency (somewhere above 40 GHz).
2.3.2 Other Frequency Scenarios
For other frequency scenarios, the required EVM of QPSK modulation is below 17.5%, and the constraint of ACLR is 30dB. The full band filter can be used to improve performance of OOBE. The allocated subcarriers are 72 (i.e. 6RBs), IFFT size is 2048. The output power of polynomial PA model [3] is 27dBm. As shown in Figure 3, the OOBE can meet the requirements of LTE spectrum mask and 30 dB ACLR. The EVM of DFT-s-OFDM after PA is 8.3%, much lower than 17.5%. So in other frequency scenarios, the DFT-s-OFDM can fulfil the requirements of EVM, ACLR and spectrum mask at maximal output power. The PAPR reduction methods for DFT-s-OFDM may not be needed.
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Figure 3. PSD of DFT-s-OFDM
Proposal 2: For other frequency scenarios, the PAPR reduction methods for DFT-s-OFDM may not be needed.
3 Conclusions

Based on the discussion above, we have the following proposals.
Proposal 1: PAPR reduction doesn’t directly translate to coverage enhancement. The necessity and benefit of PAPR reduction for DFT-s-OFDM may need further study for high frequency (somewhere above 40 GHz). 
Proposal 2: For other frequency scenarios, the PAPR reduction methods for DFT-s-OFDM may not be needed.
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