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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 further comparison between SC-FDM and OFDM. Based on the detailed analysis, we propose to adopt SC-FDM for eMBB uplink at least for coverage limited scenarios.

Outline
In this paper, we provide detailed comparison between SC-FDM and OFDM in the following aspects:
· PAPR comparison 
· Demodulation comparison
· User multiplexing

Based on the detailed analysis, we propose to support both SC-FDM and OFDM for eMBB UL. We will also briefly discuss the channel multiplexing with SC-FDM and OFDM for eMBB. 

SC-FDM vs OFDM
The design choice between SC-FDM and OFDM has been considered extensively during the LTE Rel 8 standard development. It is a known fact that SC-FDM has significant benefit compared to OFDM for link budget limited users. Even though OFDM outperforms SC-FDM in terms of demod performance (assuming linear MMSE type of receivers), there is significant PAPR advantage of SC-FDM. In this section, we briefly recap some of these comparisons. 
[bookmark: _Ref378529477]PAPR Comparison
In Figure 1, we present a comparison between OFDM and SC-FDM with QPSK modulations. At 1% PAPR level, SC-FDM has 2 dB advantage of PAPR. At 0.1% PAPR level, SC-FDM has 2.5 dB advantage of PAPR. 
[image: ]I 
Figure 3‑1 PAPR comparison of OFDM vs SC-FDM with QPSK modulation.
Based on these results, we make the following observations: 
Observation 1: SC-FDM provides ~2.5 dB gain over OFDM in terms of PAPR.   

Demodulation comparison
In this section, we include some demodulation performance comparison of PUSCH at different operation ranges with SC-FDM and OFDM waveforms. Even though exact NR numerology is not finalized, these basic demodulation performance still provides insights into the performance difference between SC-FDM and OFDM. 
Figure 2 to Figure 4 show uplink BLER performance for SIMO (1x2) setting with perfect channel and estimated channel. We can see that OFDM waveform gives better error performance compared to SC-FDM at the same SNR. However, the gain decreases as SNR decreases. At low SNR, the performance gain of OFDM waveform decreases to fractional dB. Figure 5 compares throughput with OFDM and SC-FDM in SIMO (1x2) and MIMO (2x2) settings. For SIMO, the throughput gain from SC-FDM to OFDM is small, while for MIMO, OFDM waveforms offer larger throughput gain compared to SC-FDM. When we take into account the PAPR difference in Section 3.1 and consider that OFDM waveform requires a larger back off, we make the follow observation:
Observation 2: For low SNR SIMO operation with low MCS, SC-FDM transmission offers around 2dB overall gain compared to OFDM taking into account both demolution and PAPR differences.  
The low PAPR benefit of SC-FDM waveform is especially important for cell-edge UEs with maximum power transmissions. 
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[bookmark: _Ref458508843][bookmark: _Ref458508831]Figure 2. SIMO error performance comparison at high SNR
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Figure 3: SIMO error perforamnce comparison at medium SNR
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[bookmark: _Ref458508848]Figure 4: SIMO error performance comparison at low SNR
[image: ]
[bookmark: _Ref458509067]Figure 5: Throughput comparison with estimated channel
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In Section 3, we compared PAPR and demodulation performance of OFDM and SC-FDM waveforms for SIMO and MIMO operations at different SNR range. We observe that SC-FDM offers significant performance gain at least for SIMO operations at low SNR. In a separate contribution, we also studied different companding techniques for OFDM waveform. We observe that even with advanced companding techniques, OFDM performance is still worse than SC-FDM at low SNR. About 2dB gain is achieved with SC-FDM waveform. 
Based on this analysis, we make the following proposal:
Proposal 1: Support SC-FDM waveform for eMBB uplink data channel at least for link budget limited users
On the other hand, to maintain SC-FDM and enjoy its low PAPR benefit, we need to use either localized or interleaved SC-FDM. Neither is flexible for uplink resource management and user assignment. It also makes multi-channel multiplexing from a single UE quite complicated. OFDM waveform on the contrary has more flexibility. As we observe in Section 3, SC-FDM waveform may not offer much benefit in some setting, e.g., high SNR and MIMO operation. In such a high SNR MIMO scenario, a UE may use OFDM waveform without much performance degradation. 
Proposal 2: Support OFDM waveform for eMBB uplink data channel at least for MIMO transmissions
For uplink channels with very small payload, for example, PUCCH ACK channel, to increase efficiency, we may use certain CDM techniques to multiplex different users in the same frequency band. Time domain CDM with Walsh Cover and DFT matrix, and frequency domain CDM with shifted CGS/Chu sequences have been proven to be effective techniques to multiplex users. 
Proposal 3: Consider frequency domain CDM based on shifted CGS/Chu sequences for uplink control channels. 

Conclusions
In this contribution, we provided detailed comparison of SC-FDM vs. OFDM waveform for eMMB UL in terms of PAPR and demod performance. 
We make the following observations: 
Observation 1: SC-FDM provides ~2.5 dB gain over OFDM interms of PAPR.   
Observation 2: For low SNR SIMO operation with low MCS, SC-FDM transmission offers around 2dB overall gain compared to OFDM taking into account both demolution and PAPR differences.  
Based on the above observations, we have the following proposal:
Proposal 1: Support SC-FDM waveform for eMBB uplink data channel at least for link budget limited users
Proposal 2: Support OFDM waveform for eMBB uplink data channel at least for MIMO transmissions
Proposal 3: Consider frequency domain CDM based on shifted CGS/Chu sequences for uplink control channels. 
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