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1. Introduction
In RAN1 #89 meeting, the following agreement and working assumption has been agreed. [1]
Agreements:
· Confirm the following working assumption.
· Uplink PTRS for DFT-s-OFDM waveform is supported.
· Presence of PTRS for DFT-s-OFDM is UE-specifically configurable
· Multiple pattern/density of PTRS for DFT-s-OFDM is supported
· FFS: implicit or explicit signaling
· Working assumption: Support Pre-DFT PT-RS insertion for UL DFT-S-OFDM.

In the RAN1 #88bis meeting, the following working assumption on PT-RS for DFT-s-OFDM waveform has been agreed [2]:
Working assumption:
· Uplink PTRS for DFT-s-OFDM waveform is supported.
· Presence of PTRS for DFT-s-OFDM is UE-specifically configurable
· FFS: Pattern/density of PTRS for DFT-s-OFDM is UE-specifically configurable or not

In this contribution, we provide some discussion on the PT-RS for DFT-s-OFDM waveform including the necessity, dynamic presence, signal pattern and some possible control signalling support.
2. Discussion
2.1 PT-RS Pattern
There are two options for the PT-RS resource mapping: one is to map the PT-RS and data in TDM manner, then the PT-RS and data can be mapped before the DFT; the other is to map the PT-RS and data in FDM manner, then the PT-RS and data can be mapped after the DFT. Figure 1 illustrates the procedures of signal generation for pre-DFT and post-DFT PT-RS insertion.

 
Figure 1: PT-RS resource mapping scheme
For the pre-DFT based PT-RS insertion, it is assumed that the phase noise should have some correlation in time domain. Then if the subcarrier spacing is large, most likely the phase noise could have some correlation across several samples. The receiver should first do the MIMO equalization and then IDFT dispreading. Then the phase shift of data symbols can be estimated by the phase shift of the nearest PT-RS symbol. Therefore the phase shift for the consecutive X symbols are assumed to be the same, and X depends on the correlation of phase noise in time domain as shown in Figure 1. However, if the subcarrier spacing is small, e.g., 60 kHz, the duration of each time sample could be relatively large. Then the time domain density of PT-RS could be large, which may result in large overhead due PT-RS as the value of X can be small. 
On the other hand, for post-DFT, the receiver could first compensate the phase shift based on the channel estimated from PT-RS and DMRS, then do the MIMO equalization and IDFT dispreading, which is similar to the phase compensation in CP-OFDM waveform. 
Therefore given the time domain correlation of the phase noise is the same, the overhead of PT-RS in smaller number of RBs case could be larger than that in larger number of RBs case. As shown in Figure 2, if the time domain correlation of the phase noise could be 0.5 symbol, the PT-RS overhead in 1 RB case could be as twice as that in 2 RBs case. Hence for smaller number of RBs case, it looks post-DFT may provide better performance.


Figure 2: Overhead distinction due to different number of PRBs
[bookmark: _GoBack]Figure 3 illustrates one link level simulation results for 8 RBs case, where the legend entry “post-DFT-X” refers to the case with post-DFT PTRS scheme with data puncturing, in which 1 subcarrier per X PRBs is punctured and PTRS is mapped to this sub-carrier. The entry “pre-DFT -X” refers to the case with pre-DFT PTRS scheme, in which we schedule 1 PTRS symbol per X*12 symbols in the DFT domain. Detail simulation assumption is shown in Table A-1.
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Figure 2: pre-DFT vs Post-DFT @ 2/3 16QAM 8 PRBs TDL-C0
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From simulation results, it could be observed that the post-DFT for smaller RB case could outperform pre-DFT based scheme. At medium modulation level and low coding rate, post-DFT with low PTRS density should be preferred. E.g., 1 subcarrier each 8 PRB is punctured and PTRS is mapped into this subcarrier. In this case, the overhead is light but the performance after phase noise compensation is good. However, the performance of post-DFT puncturing degrades as more PTRS are inserted due to the loss in the coding gain. Similar simulation result can be observed in [3]. As shown above, pre-DFT with high density performs better than pre-DFT with low density when 8PRBs are used. However, when more PRBs are used, lower density of PTRS is required, since there are stronger temporal correction between each symbol. Further since the post-DFT needs to puncture some REs, it is not suitable for high coding rate scheme. Hence both pre-DFT and post-DFT based PT-RS insertion should be supported and the post-DFT can be used for small allocated bandwidth case with low coding rate and pre-DFT can be used for other cases.
Observation 1: for smaller number of RBs case, the post-DFT could provide better performance than pre-DFT based scheme.
Proposal 1: both pre-DFT and post-DFT based PT-RS insertion should be supported and the post-DFT can be used for small allocated bandwidth case with low coding rate and pre-DFT can be used for other cases.
2.2 Control Signalling of PT-RS
It has been agreed that multiple densities of PT-RS should be supported. For pre-DFT based scheme, since the PT-RS and data are multiplexed in TDM manner, its density should at least rely on the subcarrier spacing (SCS) and allocated bandwidth (BW). Further the best PT-RS overhead for different MCS could be different. Hence the time domain density of pre-DFT based PT-RS should also rely on the MCS. For post-DFT based scheme, as it is similar to PT-RS in CP-OFDM. The same method to determine the density of PT-RS should be used. Thus its density should also be determined by the SCS, BW and MCS. Therefore generally the density of PT-RS for both pre-DFT and post-DFT based scheme should be determined by SCS, BW and MCS.
Proposal 2: the density of PT-RS for both pre-DFT and post-DFT based scheme should be determined by SCS, BW and MCS.
3. Conclusion
In this contribution, we provide some discussion on the PT-RS for DFT-s-OFDM waveform, and the following observations and proposals have been achieved.
Observation 1: for smaller number of RBs case, the post-DFT could provide better performance than pre-DFT based scheme.
Proposal 1: both pre-DFT and post-DFT based PT-RS insertion should be supported and the post-DFT can be used for small allocated bandwidth case with low coding rate and pre-DFT can be used for other cases.
Proposal 2: the density of PT-RS for both pre-DFT and post-DFT based scheme should be determined by SCS, BW and MCS.
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Appendix – simulation assumption
Table A-1: Simulation assumptions
	Channel Model
	TDL-C

	Number of RBs
	8

	UE speed
	3km/h

	Delay spread
	30ns

	Channel Estimation
	Perfect

	Coding Rate
	2/3

	Modulation
	16QAM

	Subcarrier spacing
	60 KHz
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