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Introduction
In RAN#71, the technology study item for 5G new RAT (NR) has been approved [1]. The physical layer waveform for use in 5G has been agreed to be OFDM-based; this includes OFDM as well as variants of OFDM such as SC-OFDM (also known as DFT-spread OFDM) and GI-DFT-spread OFDM. In this contribution, we provide some initial considerations on comparing OFDM vs SC-OFDM, specifically in the context of multi-carrier systems at high frequency (millimeter-wave) bands.
OFDM vs SC-FDM
SC-FDM has a PAPR advantage over OFDM, which translates to improved link-budget or cell-edge coverage. However this advantage is offset by poorer equalizer performance. Thus OFDM is preferable for users for which the transmit power requirement results in PA operation far away from the compression region. In millimeter-wave bands, several PAs are required due to the need for analog beamforming with large number of antennas to overcome the high propagation losses. Thus waveforms with lower PAPR that improve PA efficiency may be more desirable. 
However, when multiple low-PAPR waveforms are combined, the result tends to have a higher PAPR, due to the possibility of constructive addition of the peaks of the component waveforms. Thus, the PAPR advantage of SC-FDM reduces with increasing number of component carriers, because the DFT-spreading operation prior to the IFFT does not span across the component carriers. Similarly, the PAPR advantage reduces if  multiple MIMO layers are combined with non-diagonal precoding. In sub-6GHz bands, typically both multicarrier as well as MIMO operation are associated with users close to the cell-center; the cell-edge UEs are assigned a small bandwidth within a single component carrier so that the remaining bandwidth can be better utilized by cell-center UEs. However, in millimeter-wave bands, due to the need for analog beamforming both at transmitter and receiver, the scheduler may be forced to adopt TDM scheduling; since simultaneously beamforming to/from multiple users would require multiple antenna panels. In such cases, it may be desirable to define very low code-rates and allow even edge users to occupy the entire component carrier bandwidth, to exploit frequency diversity across the bandwidth. Since there is no coding across multiple carriers, it still suffices to use a single component carrier. 
PAPR of OFDM and SC-FDM
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Figure 1.  PAPR for OFDM and SC-FDM waveforms with 1,4, and 8 component carriers
Figure 1 shows PAPR for waveforms using a numerology of interest in the 3GPP NR studies; 60KHz tone-spacing and 100MHz per component carrier and 10MHz guard band (to be divided between the left and right band-edges of each component carrier). The entire usable bandwidth (90MHz/CC) is populated with random modulation-symbols drawn from the chosen constellation. The figure shows that OFDM PAPR is insensitive to number of carriers or modulation order (QPSK or 64QAM). However, SC-FDM PAPR worsens for 64QAM relative to QPSK, and as the number of carriers increases.  The results are also tabulated in Table 1.









Table 1: PAPR in dB corresponding to Figure 1.
	modulation order
	Waveform
	#carriers
	PAPR (dB) at Nth percentile

	
	
	
	

	
	
	
	N=10
	N=1
	N=0.1

	64QAM
	OFDM
	1
	3.62
	6.64
	8.39

	64QAM
	OFDM
	4
	3.62
	6.63
	8.39

	64QAM
	OFDM
	8
	3.62
	6.63
	8.39

	64QAM
	SC-FDM
	1
	3.09
	5.26
	6.66

	64QAM
	SC-FDM
	4
	3.58
	6.30
	7.80

	64QAM
	SC-FDM
	8
	3.60
	6.48
	8.11

	QPSK
	OFDM
	1
	3.62
	6.63
	8.39

	QPSK
	OFDM
	4
	3.62
	6.63
	8.40

	QPSK
	OFDM
	8
	3.62
	6.63
	8.39

	QPSK
	SC-FDM
	1
	2.36
	4.55
	5.80

	QPSK
	SC-FDM
	4
	3.61
	5.98
	7.41

	QPSK
	SC-FDM
	8
	3.60
	6.38
	7.91


.
Equalizer performance: OFDM vs SC-FDM
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(a): High SNR
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(b): Medium SNR
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(c): Low SNR
Figure 2. Link performance comparison between OFDM and SC-FDM
Figure 2 shows link gains of 2.6dB, 1dB, and 0.2dB for OFDM relative to SC-FDM at high, medium and low SNR respectively at the 1% PER operating point. At the 10% PER point, the same link gains change to 1.5dB, 0.7dB and 0.2dB respectively. Note that these results are borrowed from LTE initial stage study, and thus do not use millimeter-wave channel models being defined in TR38.900, and the large system bandwidths targeted in NR. However, they give some idea of trends expected as a function of SNR. Also, as modulation/waveform generation is usually independent across all carriers in a multi-carrier system, the same result holds regardless of the number of component carriers. Note that channel delay spreads are usually reduced with beam-forming, in which case the link gains of OFDM over SC-FDM could be further reduced.
Based on the trends from the link analysis in Figure 2, we conclude that SC-FDM is preferable to OFDM for cell-edge users, which will be served on a single component carrier with low modulation order, at which the PAPR advantage outweighs the link loss. For large enough number of component carriers and modulation order, which is expected in higher SNR (nearer to cell-center) scenarios, SC-FDM loses its PAPR advantage, and OFDM becomes preferable. Even with only one component carrier, at high SNR, OFDM could be reasonably comparable to SC-FDM.
Considerations on GI-DFT-S-OFDM
GI-DFT-S-OFDM, proposed in [2,3], is a variant of SC-FDM wherein the population of modulation symbols at the input to the DFT-spreader skips the first and/or last few symbol positions, which results in low amplitude at the beginning and/or end of each time-domain symbol at the output of the IFFT. This low-amplitude part of the waveform can serve just like a cyclic-prefix in terms of enabling frequency-domain equalization. However, unlike the cyclic prefix, it offers the further advantage that its duration (which represents a system overhead) can be adapted on a per-user basis (based on channel delay-spread to each user), without changing the overall SC-FDM-symbol duration. The link performance and PAPR are expected to be comparable to that of SC-FDM, although further analysis based on 5G NR simulation framework is needed to further validate this, as well as the further possibility of saving on RS overhead by reusing the guard interval for frequency tracking.
GI-DFT-S-OFDM has also been considered for sub-6GHz in [4], where the ‘GI’ (guard-interval) is called ‘ZT’ (zero-tail) instead. The considerations described in [4] apply to millimeter-wave systems as well. In particular, as also noted in [4], in a system that allows both SC-FDM and OFDM users to be FDM-ed on the uplink, then the symbol-timing mismatch between GI-DFT-S-OFDM and OFDM prevents replacing SC-FDM with GI-DFT-S-OFDM. Note that the considerations of the earlier sections suggest that it may indeed be beneficial to allow both SC-FDM and OFDM users for the uplink. 

Conclusions
Millimeter-wave multicarrier systems can typically be expected to share the same PA across all carriers. PAPR for SC-FDM (also known as DFT-spread OFDM) increases with increasing number of carriers. Thus, OFDM is preferable to SC-FDM for large number of carriers and higher order modulations. SC-FDM is preferable for single carrier with QPSK at low SNR. We have presented the PAPR comparisons in this paper; the exact gain comparison requires re-visiting the link analysis comparisons with 5G NR numerology and channel model assumptions.
Proposal 1: Multicarrier operation should be considered when evaluating waveform choice. Consider waveform choice as a function of the number of component carriers. Consider whether both OFDM and SC-FDM waveforms should be allowed on the uplink. 
[bookmark: _GoBack]Proposal 2:  Link performance comparison for waveform evaluation should account for millimeter-wave channel modeling, including beamforming
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Uplink performance comparison with SC-FDM and OFDM, 64QAM, rate 1/2
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Uplink performance comparison with SC-FDM and OFDM, 16QAM, rate 1/3
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