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Introduction
It was approved in [1] that NR will study the following waveforms:
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain

It was also proposed [2][3] that optional DFT spreading technique (i.e. SC-FDM waveform), as used in 4G LTE uplink, be also supported in NR uplink when there is link budget or coverage limitation. Further, it was agreed in RAN1-85 [4] 
· The following OFDM-based waveforms should be used as RAN1 NR waveform performance reference:
· OFDM with CP
· DFT-s-OFDM with CP
· All waveform in RAN1 #84bis/#85 meeting can be evaluated based on agreed assumptions
· Note: Each company should provide details on the DFT-spreading, guard interval, Tx/Rx filtering and/or windowing applied to OFDM waveform for evaluation

Notice that the selection of SC-FDM or OFDM waveform is independent of the spectral containment techniques, such as windowing or filtering, that have been discussed in [2]~[7].
We present detailed OFDM and SC-FDM waveform comparison in [10], where we show a significant (~2dB) performance gain of SC-FDM vs. OFDM for link budget limited users. This is mainly due to the large PAPR reduction from SC-FDM compared with OFDM. One proposal to improve OFDM PAPR is to use companding.
In this contribution, we evaluate OFDM waveform with implementation-based PAPR reduction techniques (such as companding), and demonstrate the performance advantage of using SC-FDM waveform in terms of better PA efficiency and better coverage, while achieving similar ACLR and demodulation performance. Based on the detailed analysis, we propose to adopt SC-FDM for eMBB uplink at least for coverage limited scenarios.
[bookmark: _Ref378529477]Evaluation of PAPR Reduction Techniques
In this section, we discuss a few PAPR reduction techniques for OFDM waveform. 
Companding Techniques
We study the OFDM system with the following companding techniques:
Airy function based compander 
The companding function is given by [8]:
[image: ]
The decompanding/expander function is given by 
[image: ]
Piecewise-linear
Here we choose a piecewise-linear companding function with 2 points of non-linearity. 
[image: ]
Figure 1: Piecewise linear compander
The expander function will be another piecewise-linear function with 2 points of non-linearity.

µ-law compander
Here the companding function [9] is given by:
[image: ]
And the expander is given by:
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ACLR performance
 We study the ACLR performance of the companding schemes and compare against the performance of SC-FDM. The setup for simulation study is as follows for the OFDM system. 
[image: ]
Figure 2: Setup for ACLR measurement

In this study we optimised the compander parameters so that the input power () to PA is maximized while achieving 30 dB ACLR.  The piecewise linear model was not optimized due to the large number of parameters to be optimized. The PA model used in the study is a polynomial PA model. The results are tabulated below:
[bookmark: _Ref458505792]Table 1: Power back-off for 30 dB ACLR without WOLA
	Scheme
	Input power (dBm) to PA to attain 30 dB ACLR
	Power Backoff  (dB) from SCFDM

	SC-FDM
	-1.30
	0

	OFDM without companding
	-3.75
	2.45

	OFDM with airy compander
	-3.55
	2.25

	OFDM with piece-wise linear compander
	-4.20
	2.90

	OFDM with µ-law compander
	-3.50
	2.20



Table 2: Power back-off for 30 dB ACLR with WOLA (wolalength 2% of FFTSize)
	Scheme
	Input power (dBm) to PA to attain 30 dB ACLR
	Power Backoff  (dB) from SC-FDM

	SCFDM
	-1.10
	0

	OFDM without companding
	-3.50
	2.40

	OFDM with airy compander
	-3.40
	2.30

	OFDM with piece-wise linear compander
	-3.90
	2.80

	OFDM with µ-law compander
	-3.30
	2.20



Demodulation loss
The simulation setup for the demodulation loss is illustrated in the following figures. We use a SISO system. The transmitter side setup is as follows: [image: ]
Figure 3: Demodulation study, transmitter side
The receiver side setup is as:[image: ]
Figure 4: Demodulation study, receiver side

Table 3: Simulation parameters
	Tx antennas
	1

	Rx antennas
	1

	Code
	Turbo, Rate ½ , block length 1944

	Modulation
	QPSK

	Systemtones
	600

	FFT Size
	2048

	Wolalength
	0



Note that the power amplifier is not included in the simple simulation setup, we offset the SNR axis of the codeblock error rate (CBER) curves by the power back off obtained in [Table 1: Power back-off for 30 dB ACLR], to take into account the effect of ACLR. The simulations also include the cases with using compander at the transmitter, but not using expander at the receiver.
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Figure 5: BLER for SinglePath channel

[image: ]
Figure 11: BLER for EPA channel
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Figure 12: BLER for EVA channel
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[bookmark: _Ref458505683]Figure 13: BLER for ETU channel
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Based on the above observations, we have the following observation and proposal:
Observation 1: SC-FDM provides 2 dB improvement in link budget for coverage limited users compared to OFDM with companding. 
Proposal 1: NR should support SC-FDM for uplink in order to meet the same coverage as current LTE deployment. 
More detailed comparison of OFDM vs. SC-FDM is provided in [10].
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