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1. Introduction

CP-OFDM and its variants are considered as the candidates for NR waveform [1]. Further, it was agreed in RAN1 #86 that NR uplink should target at least the same link budget (i.e. MCL) as LTE uplink, under the same usage scenarios and similar deployment configurations (e.g., same carrier frequency) [2]. In this contribution, we present detailed comparison between OFDM (with PAPR reduction tech) and DFT-S-OFDM. Other aspects on system design related to UL waveform are also discussed.
2. Link Level Aspects
4 resource blocks (RBs) with QPSK is selected for evaluation of coverage performance in this contribution. More parameters is given in Table 7.
2.1 PAPR/CM
High peak-to-average power ratio (PAPR) may cause power amplifier (PA) to operate in non-linear region which contributes to EVM, in-band and out-of-band emissions. Besides PAPR, cubic metric (CM) is a more accurate measurement metric for the power back-off required for amplifiers. Here, we present the PAPR/CM for OFDM, DFT-S-OFDM and OFDM with PAPR reduction tech. Two numerologies with subcarrier spacing (SCS) as 15kHz and 60kHz are considered. Note that a low-complexity compander for reducing PAPR/CM is used, which can be found in Appendix B.
Table 1 PAPR/CM comparison of OFDM, DFT-S-OFDM and OFDM with companding (4 RBs, SCS=15kHz)
	
	OFDM 
	DFT-S-OFDM 
	OFDM with PAPR reduction 

	
	QPSK
	16 QAM
	64QAM
	QPSK
	16 QAM
	64QAM
	QPSK
	16 QAM
	64QAM

	PAPR(0.1%)
	10.614
	10.571
	10.665
	7.446
	8.403
	8.626
	6.432
	6.989
	7.082

	CM
	3.29
	3.31
	3.32
	1.02
	1.80
	1.95
	2.54
	2.58
	2.59


Table 2 PAPR/CM comparison of OFDM, DFT-S-OFDM and OFDM with companding (4 RBs, SCS=60kHz)
	
	OFDM
	DFT-S-OFDM
	OFDM with PAPR reduction

	
	QPSK
	16 QAM
	64QAM
	QPSK
	16 QAM
	64QAM
	QPSK
	16 QAM
	64QAM

	PAPR 0.1% 
	10.52
	10.54
	10.61
	7.339
	8.343
	8.520
	6.464
	7.044
	7.122

	CM 
	3.31
	3.33
	3.33
	1.03
	1.80
	1.95
	2.54
	2.57
	2.58


From Table 1 and Table 2, we have the following observation:
Observation 1a: Different numerologies [15kHz, 60kHz] make nearly no difference on the PAPR/CM performance for the same RBs.
2.2 Power Spectrum Density
Figure 1 presents the power spectrum density for different waveforms. The subcarrier spacing is assumed to be 15kHz. The power amplifier model in [3] is considered with post-PA loss as 4dB. The power level is set to satisfy the requirements of in-band and out-of-band emissions (including ACLR and LTE UE emission mask), illustrated as Figure 1(b). Since there is no concrete requirement for NR waveforms yet, requirements in LTE systems (TS 36.101) is reused [4].
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Fig 1 Out-of-band emissions performance [left (a): w/o power back-off, right (b): w/ power back-off]
The output power back-off is shown in Table 3.
Table 3 Power back-off for In-band and out-of –band emission requirements (filter is considered)
	Schemes
	Power back-off [dB]
	Output power (post-PA loss =4dB)

	DFT-S-OFDM
	0
	23dBm

	OFDM
	-2.0
	21dBm

	OFDM with PAPR reduction
	-1.5
	21.5dBm


2.3 EVM
Table 4 shows the EVM performance for different waveforms considering both w/ and w/o power back-off. We see that without power back-off, EVM of OFDM is much higher than the maximum tolerable limit for QPSK modulation as defined by 3GPP, i.e., 17.5%  as in LTE systems [4]. Furthermore, through output power back-off, the overall EVM for OFDM and OFDM with PAPR reduction decrease much to fulfill the requirement.
Table 4 EVM w/ or w/o power back-off
	Schemes
	EVM (w/o power back-off)
	EVM (w/ power back-off)

	DFT-S-OFDM
	7.36%
	7.36%

	OFDM
	22.97%
	9.97%

	OFDM with PAPR reduction
	23.95%
	13.5%


Note: the power back-off values are set same as Table 3.
Based on discussions above, we have the following observation:
Observation 1b: To fulfill EVM, in-band and out-of-band emission requirements [4RB], no power back-off is needed for DFT-S-OFDM, while nearly 1.5dB power back-off is required for OFDM with PAPR reduction tech.
2.4 BLER performance
In this subsection, we first present the BLER v.s. SNR curves without passing through PA in Figure 2. It shows that OFDM outperforms DFT-S-OFDM greatly for higher MCS, i.e., 16QAM/64QAM. While for QPSK, only 0.2dB gain for OFDM is shown. In Figure 3, the BLER performance with non-linear distortion caused by PA is given. We see that, for QPSK modulation, OFDM with PAPR reduction tech has nearly the same BLER performance as DFT-S-OFDM. Note that only BLER performance for QPSK is presented targeting coverage study, and the output power back-off for different waveforms is set to be same as Table 3.
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Fig 2 BLER performance w/o PA
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Fig 3 BLER performance w/ PA
Observation 1c: The BLER performance of OFDM is better than DFT-S-OFDM nearly 0.2dB for QPSK. While for 16QAM and 64QAM, OFDM outperforms DFT-S-OFDM nearly 1.5-2 dB.
Observation 1d: With PA and power back-off consideration, OFDM with PAPR reduction tech has nearly the same BLER performance as DFT-S-OFDM for QPSK modulation.
3. MCL
Based on above discussion, MCL analysis for uplink data channel is presented, illustrated as Table 5. DFT-S-OFDM shows 1.5dB gain compared with OFDM. Furthermore, the MCL calculation for normal TD-LTE is given for reference, in Appendix. It shows that PRACH, but not PUSCH, is the bottle neck for the system design in LTE, and if OFDM is used for uplink, the bottleneck of the system would be PUSCH.
Table 5 MCL calculation for UL data channel
	
	DFT-S-OFDM
	OFDM with PAPR reduc
	note

	Output power
	23dBm
	21.5dBm
	Satisfy EVM, In-band emission, ACLR,SEM

	Thermal Noise
	-174dBm/Hz
	-174dBm/Hz
	

	Band Width
	4RB (720kHz)
	4RB (720kHz)
	or 2 RB

	Receiver Noise figure
	5dB
	5dB
	9 for DL

	Effective Noise
	-110.43dBm
	-110.43dBm
	Thermal noise x BW  + receiver noise figure

	Required SNR
(BELR=0.1, QPSK 1/3)
	7.7dB
	7.7dB
	Depending on the MCS and channel type

	Ant No of Tx/Rx
	1
	1
	Beamforming could improve the gain

	Receiver Sensitivity
	-107.73dBm
	-107.73dBm
	Noise + required SNR

	MCL
	130.73dB
	129.23dB
	Output power-Receiver Sensitivity


Observation 1: DFT-S-OFDM could provide 1.5dB MCL gain for uplink compared with OFDM with PAPR reduction tech.
4. Discussion on waveform selections
There are three options for UL waveform selection:

Option 1: Only OFDM is supported for NR UL waveform

Option 2: Only DFT-S-OFDM is supported for NR UL waveform

Option3: OFDM is mandatory, and DFT-S-OFDM is optional

The following aspects needs to be discussed for selecting the three options.

UE complexity: Option 1 and 2 shows smaller UE complexity because UE needs to support only one waveform.

Spec complexity: Precisely option 1 is the best. However, option 2 can reuse many LTE features, therefore the effort in design spec could be similar for option 1 and 2. Spec will be more complicated for two UL waveforms.

Compatibility with advanced features: Option 1 is best for future compatibility with advanced features such as UL-DL interference cancellation, since symmetric DL-UL design is allowed.

Throughput/cell SE/RS overhead: Option 1/3 is better than option 2 because 16/64 QAM OFDM BLER performance is better than DFT-S-OFDM as shown in section 3.

Coverage: Based on the evaluations in section 3, option 2/3 is better than option 1 if UL data/control channel is the bottleneck of NR system. In that case, either option 2/3 or enhanced system design for option 1 (such efficient RS and control) would be needed to achieve same coverage as LTE.

Based on the above discussions, we have the following observation and proposal:
Observation 2: UL OFDM allows for symmetric UL-DL design which helps UL-DL interference cancellation.
Proposal 1: OFDM is selected as the baseline uplink waveform in NR. If uplink data/control channel is identified as bottleneck of NR coverage, also consider DFT-S-OFDM as a complementary solution for UL waveform. 
5. Conclusions
In this contribution, the detailed comparison between OFDM (with PAPR reduction tech) and DFT-S-OFDM is provided focusing on coverage limited scenario. The following observations are presented:
Observation 1: DFT-S-OFDM could provide 1.5dB MCL gain for UL compared with OFDM with PAPR reduction tech.

Observation 1a: Different numerologies [15kHz, 60kHz] make nearly no difference on the PAPR/CM performance for the same RBs.
Observation 1b: To fulfill EVM, in-band and out-of-band emission requirements [4RB], no power back-off is needed for DFT-S-OFDM, while nearly 1.5dB power back-off is required for OFDM with PAPR reduction tech.
Observation 1c: The BLER performance of OFDM is better than DFT-S-OFDM nearly 0.2dB for QPSK. While for 16QAM and 64QAM, OFDM outperforms DFT-S-OFDM nearly 1.5-2 dB.
Observation 1d: With PA and power back-off consideration, OFDM with PAPR reduction tech has nearly the same BLER performance as DFT-S-OFDM for QPSK modulation.
Observation 2: UL OFDM allows for symmetric UL-DL design which helps UL-DL interference cancellation.
Based on above observations, we have the following proposal for NR UL waveform as follows,
Proposal 1: OFDM is selected as the baseline uplink waveform in NR. If uplink data/control channel is identified as bottleneck of NR coverage, also consider DFT-S-OFDM as a complementary solution for UL waveform. 
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Appendix
A Simulations assumptions
Table 6 Parameter settings for link level evaluation
	Parameters
	Settings

	Carrier frequency
	4GHz

	System bandwidth
	10MHz (Points of FFT: 1024)

	UE bandwidth/subcarrier spacing
	4RB{720kHz/15kHz}

	Transmission mode
	1T1R

	Channel model
	TDL-C [300ns]

	MCS
	QPSK: 1/3

	Channel estimation
	Ideal

	Num of iterations for compander
	2


B Compander
A nonlinear piecewise companding function is adopted to reduce the PAPR in the simulation, which can be written as
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Note that 2 iterations is used to reduce the PAPR in this work.
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Fig 4 A nonlinear piecewise companding function
C PA Modeling
For below 6GHz UL, the polynomial model is given in R1-166004 (RAN4 LS), illustrated as Figure 5. 
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Fig 5 AM/AM and AM/PM curves for the Polynomial PA model.
D MCL for TD-LTE
Table 7 MCL calculation for normal LTE TDD [5]
	Physical channel name
	PUCCH (1a)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	MCL
	149.4
	146.7
	147.4
	148.1
	149.0
	149.3
	146.9


Note: eNB is assumed with 8 Tx and 8 Rx, UE is assumed with 1 Tx and 2 Rx. 2 RBs and transmission mode 2 are assumed.
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