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1 Introduction

In RAN1#86bis, study of low PAPR waveforms was agreed for uplink scenarios as follows [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
In addition, the following agreements on modulation were also made:

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 last RAN1#87 meeting, π/2-BPSK modulation using DFT-s-OFDM with frequency domain spectral shaping (FDSS) was decided to be working assumption for additional low PAPR technique as follows [2]:
Working assumption:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM

· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping can be further considered at least for eMBB uplink data for up to 40GHz

· FFS

· The details of frequency domain spectrum shaping 

· This does not preclude the case where no spectrum shaping is needed

This contribution discusses PAPR performance evaluation results of kπ-rotated QAM (BPSK and QPSK) and/or frequency domain spectrum shaping (FDSS) for DFT-s-OFDM in NR uplink.
2 PAPR evaluation results of kπ-rotated QAM and/or FDSS for DFT-s-OFDM
We evaluated several CCDFs (complementary cumulative distribution functions) of PAPR for DFT-s-OFDM according to different phase rotation values and FDSS coefficients. Optimized phase rotation and spectrum shaping coefficients are described in our companion contribution [3]. Detailed simulation parameters are shown in Annex-A.
Comparison according to different phase rotation values without FDSS
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Figure 1. PAPR CCDF comparison according to different phase noise values for BPSK (solid lines) and QPSK (dashed lines)
From Figure 1, we can observe the followings:

Observation 1: Without FDSS, phase rotation improves PAPR significantly in case of BPSK DFT-s-OFDM, while not in case of QPSK DFT-s-OFDM.
Observation 2: Without FDSS, PAPR performance difference between well-known phase rotation values (e.g., 0.5π for BPSK, 0.25π for QPSK) and optimized phase rotation values (e.g., (0.5 + (K-1)/L)π for BPSK, (0.25 + (K-1)/L)π for QPSK, where L is DFT size and K is FDSS size) is marginal.
Comparison according to both phase rotation values and FDSS coefficients
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Figure 2. PAPR CCDF comparison according to different phase noise values and FDSS coefficients for BPSK (solid lines) and QPSK (dashed lines)

From Figure 2, we can observe the followings:

Observation 3: FDSS improves PAPR significantly in both cases of BPSK DFT-s-OFDM and QPSK DFT-s-OFDM.
Observation 4: Compared to 0.5π-BPSK/0.25π-QPSK DFT-s-OFDM with RRC spectrum shaping coefficients, BPSK/QPSK DFT-s-OFDM with jointly optimized phase rotation values (e.g., (0.5 + (K-1)/L)π for BPSK, (0.25 + (K-1)/L)π for QPSK) and spectrum shaping coefficients has about 1dB PAPR gain.
Observation 5: With FDSS, the optimized phase rotation value improves PAPR more than the optimized spectrum shaping coefficients.
3 Conclusion
In this contribution, we discussed PAPR performance evaluation results of kπ-rotated QAM (BPSK and QPSK) and/or frequency domain spectrum shaping (FDSS) for DFT-s-OFDM. The observations are as follows.
Observation 1: Without FDSS, phase rotation improves PAPR significantly in case of BPSK DFT-s-OFDM, while not in case of QPSK DFT-s-OFDM.
Observation 2: Without FDSS, PAPR performance difference between well-known phase rotation values (e.g., 0.5π for BPSK, 0.25π for QPSK) and optimized phase rotation values (e.g., (0.5 + (K-1)/L)π for BPSK, (0.25 + (K-1)/L)π for QPSK, where L is DFT size and K is FDSS size) is marginal.
Observation 3: FDSS improves PAPR significantly in both cases of BPSK DFT-s-OFDM and QPSK DFT-s-OFDM.
Observation 4: Compared to 0.5π-BPSK/0.25π-QPSK DFT-s-OFDM with RRC spectrum shaping coefficients, BPSK/QPSK DFT-s-OFDM with jointly optimized phase rotation values (e.g., (0.5 + (K-1)/L)π for BPSK, (0.25 + (K-1)/L)π for QPSK) and spectrum shaping coefficients has about 1dB PAPR gain.
Observation 5: With FDSS, the optimized phase rotation value improves PAPR more than the optimized spectrum shaping coefficients.
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5 Annex-A: Evaluation Parameters
	Parameters
	Values or Assumptions

	IFFT size
	2048

	Oversampling factor
	4

	DFT size (L)
	12

	FDSS size (K)
	16

	FDSS coefficients
	RRC: (not normalized, just relative values)

p1 = p16 = 0.1951, p2 = p15 = 0.5556, p3 = p14 = 0.8315, 
p4 = p13 = 0.9808, p5 = p6 = … = p12 = 1

Optimized: (not normalized, just relative values)

p1 = p16 = 0.1947, p2 = p15 = 0.4672, p3 = p14 = 0.8842, 

p4 = p13 = 0.9809, p5 = p6 = … = p12 = 1

	Modulation
	BPSK, π/2-BPSK, (0.5 + (K-1)/L)π-BPSK
QPSK, π/4-QPSK, (0.5 + (K-1)/L)π-QPSK
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