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1
Introduction
During the RAN1#89 meeting, the following agreements and working assumption on the design of RS for phase tracking (PT-RS) were made [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 this contribution, we discuss and present the design considerations of UL PT-RS for DFT-s-OFDM. 

2
Discussions on UL PT-RS generation for DFT-s-OFDM
Three different schemes for the PT-RS insertion have been proposed for the DFT-s-OFDM, namely
· Pre-DFT PT-RS insertion: M-point DFT of data+PT-RS block (comprising K PT-RS symbols TDMed with M-K data symbols) is taken and mapped to M input bins of N-point IFFT.
· Post-DFT PT-RS insertion with data puncturing: M-point DFT of length-M data symbol block is first taken. Then, from the outcome K output samples are punctured and replaced with PT-RS symbols prior mapping to M input bins of N-point IFFT.

· Post-DFT PT-RS insertion without data puncturing: (M-K)-point DFT of data symbol block is first taken. Then those M-K output samples are FDMed with K PT-RS symbols to M input bins of N-point IFFT.

Both post-DFT insertion schemes have the merit that they would enable symmetric PT-RS design for CP-OFDM and DFT-s-OFDM based UL waveforms. The same receiver processing chain for PT-RS based PN tracking could therefore be applied independent of the UL waveform type. On the other hand, both post-DFT schemes result in loss of the single carrier property with degrading impact on the PAPR and CM. This is a major drawback considering the fact that DFT-s-OFDM is primarily aimed as the waveform for coverage-limited scenarios where power efficient power amplifier operation is a key concern. The PN tracking ability of both post-DFT PT-RS insertion methods moreover is limited by the time-domain resolution of one DFT-s-OFDM symbol.
Furthermore, in case of post-DFT PT-RS with data puncturing the data demodulation performance is subject to degradation, level of which being dependent on the number of SCs punctured for PT-RS. The other post-DFT scheme with (M-K)-point DFT will require new DFT sizes beyond those low-complexity ones currently used for LTE. From the (I)DFT block implementation complexity point of view it would be preferable to keep the LTE like design principle where the transform size can be expressed as a product of small numbers e.g. {2, 3, 5} such that existing efficient FFT-like implementations as combinations of radix 2, 3, and 5 DFTs can be used.
The pre-DFT scheme can preserve the desired single-carrier property of the DFT-s-OFDM waveform and consequently provide lower PAPR and CM metrics compared to post-DFT insertion schemes. In addition, due to the fact that PN estimation based on the pre-DFT inserted PT-RS symbols is performed in time domain after receiver IDFT, the estimator can benefit from the higher time-resolution, providing means for improved tracking of PN time variation.
Based on the above discussion we make the following observations and proposal:

Observation 1: Since DFT-s-OFDM is introduced for exploiting its low PAPR/CM characteristic, post-DFT PT-RS insertion is not preferable for its higher PAPR/CM. 
Observation 2: Pre-DFT PT-RS insertion can preserve low PAPR/CM characteristic of DFT-s-OFDM . 
Proposal 1: To obtain low PAR/CM UL waveform for NR, with low-complexity implementation, and providing good time-resolution for tracking time-varying PN, support UL PT-RS insertion for DFT-s-OFDM based on the pre-DFT scheme if configured.
Proposal 2: NR adopts working assumption on support for pre-DFT PT-RS insertion for UL DFT-S-OFDM.
3
Details on Design of PT-RS for DFT-s-OFDM

3.1 

PT-RS Overhead and Pattern
Since PT-RS with pre-DFT insertion is basically time-domain design, the allocation size is the key design consideration to be determined for PT-RS pattern. Table 1 shows the relative overhead of PT-RS according to the scheduled bandwidth. DFT input size is varying with scheduled BW, and the minimum PT-RS overhead (1 subcarrier PTRS for whole allocation) is relatively high with small allocation, e.g. 8.33% for 1 PRB allocation. 

Table 1 PT-RS overhead vs. scheduled bandwidth

	Scheduled PRBs
	DFT input size
	Minimum PT-RS  overhead (%)
	PT RS subcarriers

	
	
	
	2.08% overhead
	4.17% overhead

	1
	12
	8.33
	0.25
	0.5

	2
	24
	4.17
	0.5
	1

	4
	48
	2.08
	1
	2

	8
	96
	1.04
	2
	4

	16
	192
	0.54
	4
	8

	32
	384
	0.27
	8
	16


Observation 3: With small resource allocation size, minimum PT-RS overhead is a bit high considering the performance gain-overhead trade-off.
Observation 4: PT-RS design needs to avoid too large overhead considering all possible resource allocation sizes. Similar to PT-RS design for CP-OFDM, PT-RS resources may not be allocated in case allocated bandwidth is lower than certain minimum threshold.
As proposed in [2], two alternative schemes can be considered for PT-RS time-domain pattern; distributed and localized resource allocation schemes. Localized scheme can provide local estimates with enhanced accuracy because of improved noise averaging ability across the consecutive PT-RS samples, while distributed scheme can provide phase estimates with a higher resolution in time, assuming a fixed number PT-RS resources. Under the higher SNR and low delay spread channel, the distributed scheme provides better performance, as was shown in [2]. However, the distributed pattern is not always to be used for all DFT-s-OFDM configurations. In addition, since PT-RS for DFT-s-OFDM is introduced not only for mtitigation of higher phase noise but also for tracking phase due to higher Doppler shift, NR PT-RS design should also consider the low SNR scenarios with higher Doppler shift.
Observation 5: Distributed pattern provides better performance under higher SNR and low delay spread channel, while localized pattern is good for low SNR channel and small allocation size.
Proposal 3: Hybrid PT-RS pattern composed of N bursts of M consecutive PT-RS samples should be considered for PT-RS design. 

3.2 

PT-RS Sequence

The sensitivity of the data channel detection performance to PN and/or FO impairments increases with scheduled modulation and coding scheme (MCS), and the condition using PT-RS is more about higher MCS like 16QAM etc. PT-RS transmit power is required to be maximized without impact on PAPR/CM of the PT-RS-carrying DFT-s-OFDM symbols.

Observation 6: PT-RS transmit power is required to be maximized without impact on PAPR/CM of the PT-RS-carrying DFT-s-OFDM symbols. PT-RS sequence design should be studied from this perspective. 

3.3 

PT-RS Multiplexing

For UL MU-MIMO support, both orthogonal and non-orthogonal multiplexing can be considered. For orthogonal multiplexing, the overhead should be analyzed especially for the small allocation case. In addition, different from DL cases, even with the sharpen beamforming, all UL signals are received at gNB. Thus, we should consider the feasibility of non-orthogonal multiplexing of different PT-RS ports from different UEs. 

Observation 7: It is required to investigate the feasibility of non-orthogonal multiplexing of UL PT-RS.
4
Signaling of PT-RS pattens for DFT-s-OFDM

For common framework with PT-RS for CP-OFDM, the presence and the pattern is highly preferable to be signalled with implicit method. The presence/pattern of PT-RS is highly dependent on the MCS and the scheduled bandwidth. And, in case of higher mobility support with multiple DM-RS symbols, the presence and the pattern of PT-RS can be defined differently from low/medium speed scenario regardless of MCS and the scheduled bandwidth. So, if PT-RS for DFT-s-OFDM is configured by RRC configuration, then the presence and the patterns are implicitly determined by the parameters (i.e. MCS, scheduled bandwidth and DM-RS configuration etc.) signalled in DCI. By leveraging of this information, UE/eNB can derive the association rules regarding PT-RS presence and pattern without additional signalling information. 

Proposal 4: NR UL PT-RS design for DFT-s-OFDM should assume pre-defined (MCS, BW and DM-RS configuration) -to- PT-RS dynamic presence/pattern association rules and implicit indication as the default mode of operation to obtain low signalling overhead.
Proposal 5: In order to provide flexibility for diverse residual CFO and Doppler compensation requirements among different UEs, support UE-specifically configurable pattern/density of PT-RS for DFT-s-OFDM.
Since single rank transmission is only supported for DFT-s-OFDM, PT-RS port is QCLed with the rank-1 DM-RS port. If UL diversity scheme with 2 DM-RS ports is agreed for DFT-s-OFDM, one of DM-RS ports should be QCLed with the PT-RS port. 

Proposal 6: PT-RS port for DFT-s-OFDM is UE-specifically configured, and is QCLed with an assigned DM-RS port.
5
Conclusions

The observations and proposals made in this paper are summarized as follows: 
Observation 1: Since DFT-s-OFDM is introduced for exploiting its low PAPR/CM characteristic, post-DFT PT-RS insertion is not preferable for its higher PAPR/CM. 
Observation 2: Pre-DFT PT-RS insertion can preserve low PAPR/CM characteristic of DFT-s-OFDM . 
Proposal 1: To obtain low PAR/CM UL waveform for NR, with low-complexity implementation, and providing good time-resolution for tracking time-varying PN, support UL PT-RS insertion for DFT-s-OFDM based on the pre-DFT scheme if configured.

Proposal 2: NR adopts working assumption on support for pre-DFT PT-RS insertion for UL DFT-S-OFDM.
Observation 3: With small resource allocation size, minimum PT-RS overhead is a bit high considering the performance gain-overhead trade-off.

Observation 4: PT-RS design needs to avoid too large overhead considering all possible resource allocation sizes. Similar to PT-RS design for CP-OFDM, PT-RS resources may not be allocated in case allocated bandwidth is lower than certain minimum threshold.
Observation 5: Distributed pattern provides better performance under higher SNR and low delay spread channel, while localized pattern is good for low SNR channel and small allocation size.
Proposal 3: Hybrid PT-RS pattern composed of N bursts of M consecutive PT-RS sample should be considered for PT-RS design.

Observation 6: PT-RS transmit power is required to be maximized without impact on PAPR/CM of the PT-RS-carrying DFT-s-OFDM symbols. PT-RS sequence design should be studied from this perspective. 

Observation 7: It is required to investigate the feasibility of non-orthogonal multiplexing of UL PT-RS.
Proposal 4: NR UL PT-RS design for DFT-s-OFDM should assume pre-defined (MCS, BW and DM-RS configuration) -to- PT-RS dynamic presence/pattern association rules and implicit indication as the default mode of operation to obtain low signalling overhead.
Proposal 5: In order to provide flexibility for diverse residual CFO and Doppler compensation requirements among different UEs, support UE-specifically configurable pattern/density of PT-RS for DFT-s-OFDM.

Proposal 6: PT-RS port for DFT-s-OFDM is UE-specifically configured, and is QCLed with an assigned DM-RS port.
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