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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].
In this contribution, we provide a summary of simulation assumptions for OFDM and SC-FDM waveform comparison. 
Aspects for Waveform Comparison
There are several key design aspects to be considered when deciding on the waveforms for NR, including:
1. Demod performance: 
a. The goal is to identify the difference in terms of single link performane difference among different waveform proposals
b. This aspect needs to be addressed through link level analysis, including perferct and realistic channel estimations. 

2. Peak to average ratio: 
a. The key advantage of SC-FDM is its low peak to average ratio. This fact can be leveraged by the link budget limited users to better utilize power amplifier, and improve link budget. 
b. The comparison can be done based on the CDF of PAPR, e.g. at 0.1% point

3. ACLR:
a. Some implementation based solutions, such as companding, have been discussed to improve PAPR of OFDM systems.
b. For these approaches, it is important to evaluate also the ACLR impacts in addition to demod and PAPR impacts. 

4. Spectral emissions: 
a. It has been shown that between contiguous and non-contiguous frequency resource allocation, there can be up to 8…9dB supportable maximum power difference for meeting emission requirements even when the PAPR and/or ACLR are the same

Note that the goal of these evaulations are to identify the pros and cons of these transmission schemes, as discussed in [10], we can consider both SC-FDM and OFDM as uplink waveforms for NR, e.g. depending on the user’s channel conditions.

Detailed Simulation Assumptions
Comparison between OFDM and SC-FDM has started ever since Rel 8. In fact, based on extensive evaluations, it has been decided to support SC-FDM for LTE uplink and OFDM for LTE downlink. In this section, we provide some detailed simulation assumptions for the wave form comparison. 
[bookmark: _Ref378529477]Simulation Assumptions for Demod Comparison
We propose to capture the following aspects in demod comparison:
1. MCS and/or TBS:
a. OFDM and SC-FDM may have different performance difference for low and high geometry users. 
b. In the link analysis, we can vary MCS and/or TBS to capture the different behavior at different SNR

2. Channel estimation impacts:
a. Channel estimation is an important aspect for demodulation performance. 
b. In order to gauge the impact of different pilot pattern and density, we propose to evaluate both:
i. Performance with perfect channel estimation
ii. Performance with realistic channel estimation, in this case, comparnies need to clearly describe the RS pattern

3. SIMO vs. MIMO:
a. In general, MIMO vs. SIMO operations depend on both users’ geometry and spatial characteristics of the channel. 
b. For link budget limited users, typically eNB should schedule only SIMO transmissions for the UL. 
i. We can focus on SIMO operation when comparing SC-FDM vs. OFDM
1. By default, we will assume single Tx at the UE and dual Rx at the eNB for comparison

4. Resource allocation:
a. To simplify the simulation cases and have an apple to apple comparison of the simulation results, we propose to use the default LTE SC-FDM with localized allocations as baseline.  

Figure 1 and 2 present the basic Tx operation of OFDM waveform and SC-FDM waveform generations:
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Figure 1: Tx Block Diagram of OFDM Waveform
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Figure 2: Tx Block Diagram of SC-FDM Waveform

In Table 1, we present example of simulation parameters and output for SC_FDM vs. OFDM comparison. 
	SNR @ 10% BLER
(dB)
	OFDM
	SC-FDM

	
	Perfect Ch. Est. 
	Realistic Ch. Est. 
	Perfect Ch. Est. 
	Realistic Ch. Est. 

	QPSK, Rate 1/3
	-1.1 dB
	0.7 dB
	-0.9 dB
	0.9 dB

	16 QAM, Rate 1/3
	3.75 dB
	5 dB
	4.75 dB
	5.9 dB

	64 QAM, Rate 1/2
	11.5 dB
	12.8 dB
	12.9 dB
	14.2 dB



Table 1. Demod Comparison between OFDM and SC-FDM, e.g. SNR @ BLER of 1%

PAPR and PA backoff comparison
It is a well-known fact that SC-FDM has significantly better PAPR than OFDM. This is in fact the key reason that LTE adopted SC-FDM as LTE uplink waveform. In fact, this is also a main reason companies are proposing SC-FDM for mmWave NR. 
For the comparison between OFDM and SC-FDM, comparnies should evaluate PAPR comparison between these two waveforms as well.
In Table 2, we present example of simulation parameters for SC_FDM vs. OFDM PAPR comparison.
	
	OFDM
	SC-FDM

	
	QPSK
	16 QAM
	64 QAM
	QPSK
	16 QAM
	64 QAM

	PAPR 1%
	4.5 dB
	
	
	6.6 dB
	
	

	PAPR 0.1%
	8.4 dB
	
	
	5.8 dB
	
	


Table 2. Simulation Assumptions for OFDM vs. SC-FDM PAPR Comparison 

ACLR Impacts if None-Linear Tx Operations Considered
Some companies have proposed to use PAPR improvement techniques such as companding for OFDM. If such techniques are evaluated, then the following aspsects need to be considered:
1. ACLR:
a. Since companding is a non-linear operation operated on the transmit waveform, it is important to evaluted the impact of such operation on ACLR

2. Demodulation impact:
a. In addition to ACLR, the demodulation degradation caused by the non-linear distorting of the Tx signal also needs to be evaluated. 

Some example evaluations are provided in [10].
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In this contribution, we provided our views on simulation assumptions for OFDM and SC-FDM waveform comparison. Based on the discussions, we make the following proposals:
[bookmark: _GoBack]Proposal 1: Consider both demodulation performance and PAPR impacts when comparing OFDM and SC-FDM waveforms. Also consider power back off needed for meeting emission requirements when comparing contiguous to non-contiguous frequency resource allocations
Proposal 2: If other nonlinear techniques to be evaluated, e.g. companding, impacts on ACLR and demodulation impairments need to be evaluated as well. 
Note that the goal of these evaulations are to identify the benefits and drawbacks of these transmission schemes. As discussed in [10], we can consider support of both SC-FDM and OFDM as uplink waveforms for NR, e.g. depending on the user’s channel condition. 
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