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During RAN1 #89, RAN1 captured the following working assumption regarding UL phase tracking RS for DFT-s-OFDM. 

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.

This contribution considers UL PT-RS for DFT-s-OFDM.
 
Discussion on supporting PT-RS for DFT-s-OFDM 
2.1. Number of PT-RS ports
If UE can use the multi-antenna with one more oscillators, phase noise can be represented at each oscillator, respectively. In other words, since the CPE term can be represented as different phase on each antenna, it should be estimated respectively. Therefore, the number of PT-RS ports depends on the number of oscillators at UE side. Also, the each UE can have more than one oscillator with different phase noise characteristics. So, PT-RS configuration can be different for each UE so that UE should report the information about its capability to gNB. 
Proposal 1: NR should support UE assistant reporting for the number of PT-RS ports and PT-RS configuration 

2.2. Discussion on PT-RS insertion in DFT-s-OFDM
When we consider PT-RS for DFT-s-OFDM, there are 2 options as follows:  
· Option. 1: Inserting the PT-RS before DFT-spreading (pre-DFT PT-RS)
· Option. 2: Inserting the PT-RS after DFT-spreading (post-DFT PT-RS
Related to PTRS for DFT-s-OFDM, following design aspects should be considered in order to decide which option is supported.
· Low PAPR (maintain single-carrier property)
· Receiver complexity (channel/phase noise estimation)
· DFT size
· Spectral efficiency
.
1. Low PAPR 
- In pre-DFT insertion, low PAPR can be guaranteed because single carrier property can be maintained.
- Relative high PAPR would be observed in post-DFT insertion as single carrier property can not be maintained any longer, which is the main drawback of post-DFT insertion. So, if post-DFT is supported, PAPR reduction scheme should be considered for post DFT PT-RS. For example, figure 2 shows the PAPR performance comparison for DFT-s-OFDM without PT-RS and post-DFT PT-RS with a PAPR reduction scheme. It is clearly seen that the proposed scheme achieves very close PAPR to a single carrier scheme. Therefore, PT-RS for DFT-s-OFDM should consider low PAPR requirement regardless of pre-DFT scheme or post-DFT scheme.

Observation 1: Considering UL PTRS having low PAPR in DFT-s-OFDM. 



Figure 1. Example on single carrier property
[image: ]
Figure 2. PAPR performance comparison of the proposed PTRS insertion scheme


2. Complexity on channel/phase noise estimation 
- In pre-DFT insertion, channel and phase noise will be estimated in frequency and time domain, respectively resulting high complexity at receiver. Also, the PT-RS configuration in CP-OFDM can not be used in pre-DFT insertion. For example, the frequency density may be hard to define in pre-DFT PTRS insertion.
- In post-DFT insertion, both channel and phase noise can be estimated in frequency domain as similar to CP-OFDM. Therefore, we can configure unified PT-RS structure between CP-OFDM and DFT-s-OFDM. 
Observation 2: Same time/frequency density of PT-RS for CP-OFDM can be reused to PT-RS for DFT-s-OFDM when Post-DFT is supported.

3. DFT-size  
- In pre-DFT insertion, fixed DFT size can be used. The data symbol can be rate-matched according to the number of PT-RS symbols. In figure 2, M-point DFT size should be matched to the integral multiple of PRBs.
- In a typical post-DFT insertion, if we only consider DFT size of data, according to number of PT-RS subcarriers which is denoted with ‘k’, the DFT size should be dynamically changed. gNB should implement DFT blocks with various sizes resulting high complexity at gNB receiver. However, in our proposed scheme as shown figure 2, the size of the DFT can still be maintained as we perform M-point DFT over the combined M-k data and k RS symbols. k RS symbols can be assigned in frequency domain by puncturing. 

4. Spectral efficiency   
- In pre-DFT insertion, since the PT-RS and data are multiplexed in time domain, additional guard time such as cyclic prefix is needed to avoid ICI between data and PT-RS. This has also been observed in the pre-DFT design for short-PUCCH and more details can be found in [2]. As shown [2] and [3], actual amount of data that can be sent using the pre-DFT mechanisms is less. 
- In post-DFT insertion, since the PT-RS and data are multiplexed in frequency domain, there is no additional loss of spectral efficiency.
Observation 3: Post-DFT PT-RS insertion can maintain the spectral efficiency without additional guard time such as cyclic prefix of RS.

Table 1. Comparison between pre-DFT PT-RS and post DFT PT-RS
	
	Pros
	Cons

	Pre-DFT PT-RS
	- Low PAPR
- Fixed size of DFT block
	- High complexity for channel/phase noise estimation
- Different PT-RS configuration compared to CP-OFDM
- Loss of spectral efficiency

	Post-DFT PT-RS
	- Low complexity for channel/phase noise estimation
- Unified PT-RS configuration compared to CP-OFDM
- No loss of spectral efficiency
	- Slightly high PAPR



Proposal 2: NR should support post-DFT insertion PT-RS in DFT-s-OFDM for both low PAPR and spectral efficiency.
Conclusions
This contribution discusses on UL PTRS in CP-OFDM and DFT-s-OFDM. The observations and proposals are as follows:
Proposal 1: NR should support UE assistant reporting for the number of PT-RS ports and PT-RS configuration.
Observation 1: Considering UL PTRS having low PAPR in DFT-s-OFDM.
Observation 2: Same time/frequency density of PT-RS for CP-OFDM can be reused to PT-RS for DFT-s-OFDM when Post-DFT is supported.
Observation 3: Post-DFT PT-RS insertion can maintain the spectral efficiency without additional guard time such as cyclic prefix of RS.
Proposal 2: NR should support post-DFT insertion PT-RS in DFT-s-OFDM for both low PAPR and spectral efficiency.
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