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Introduction
During RAN1 #88 bis, RAN1 captured the following working assumption regarding UL phase tracking RS for DFT-s-OFDM. 

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

This contribution considers UL PT-RS for DFT-s-OFDM.
 
Discussion on supporting PT-RS for DFT-s-OFDM 
2.1. Phase noise compensation
The DFT-s-OFDM waveform has been agreed to be the complementary to CP-OFDM waveform. It targets coverage-limited scenario with single transmission only, which means in most of cases, DFT-s-OFDM requires low level MCS, such as QPSK. Figure 1 shows the BLER performance considering low modulation scheme. As can be seen this figure, the curves between the case with no phase noise and it with phase noise show similar performance. That means there is no effect on phase noise in low level MCS. On the contrary, the BLER performance is getting worse when we consider PTRS for phase noise compensation. It is because that effective code rate is relatively increased compared to the case with no PTRS. From evaluation results, PT-RS for phase noise compensation is unnecessary with low MCS level. 
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Figure 1. The BLER performance on low MCS level with PTRS density
Observation 1: PT-RS for phase noise compensation is unnecessary in DFT-s-OFDM if it supports low MCS level
2.2. Residual CFO / Doppler correction
Phase distortion can be introduced not only phase noise but also residual CFO and mobility. Constellation may rotate linearly due to residual frequency offset. Phase rotation due to residual frequency offset gets accumulated from symbol to symbol and becomes a large phase distortion after several DFT-s-OFDM symbols as represented in figure 2. 


Figure 2. The phase distortion introduced from residual frequency offset. 



Figure 3. The constellation changes per symbol for data channel (0.1 ppm at 30GHz)
Figure 3 shows simple example on constellation when phase distortion happened. In Figure 1, QPSK modulation scheme and subcarrier spacing of 60kHz are assumed. Frequency offset of 0.1ppm at 30GHz is assumed. This kind of linear phase distortion can be easily estimated and compensated by using PTRS. Supporting PTRS to compensate phase distortion due to residual frequency offset seems the simplest way but it can introduce additional complexity at the receiver. 
Observation 2: PT-RS can be used for CFO/Doppler correction in DFT-s-OFDM
On the contrary, the linear phase distortion also can be compensated by adding additional DMRS. Since additional DMRS acts like PTRS so that the phase distortion due to residual frequency offset and mobility can be mitigated. Figure 4 shows the performance when additional DMRS is considered. In this figure, two curves show similar performance. The performance between two curves show gap occurred because of different effective code rate considering whether or not additional DMRS. 
[image: ]
Figure 4. The BLER performance considering additional DMRS (0.1 ppm at 30GHz)
The phase distortion can be mitigated by using additional DMRS easily, but it can introduce relative high RS overhead compared with the case using PTRS. It is obvious that the overhead of PTRS is lower than DMRS. 
It should be carefully considered to support PTRS in DFT-s-OFDM considering trade-off between RS overhead and complexity. 
Observation 3: Additional DMRS can be considered for compensation of phase distortion due to residual frequency offset and mobility. 
Observation 4: Considering trade off between RS overhead and receiver complexity, supporting PTRS should be carefully decided. 
2.3. Discussion on PT-RS insertion in DFT-s-OFDM
If PT-RS is supported 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 that which option is supported.
· Low PAPR (maintain single-carrier property)
· Receiver complexity (channel/phase noise estimation)
· DFT size
.
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.  


Figure 5. Example on single carrier property
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. 
- In post-DFT insertion, both channel and phase noise can be estimated in frequency domain. 
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 6, M-point DFT size should be matched to the integral multiple of PRBs.
- In post-DFT insertion, 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. 


Figure 6. Example on DFT block size
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

	Post-DFT PT-RS
	- Low complexity for channel/phase noise estimation
	- Relative high PAPR
- Implement multiple DFT blocks with various size



Proposal 1: NR should determine Pre DFT insertion or Post DFT insertion for PT-RS in DFT-s-OFDM considering other design aspects, such as PAPR, complexity and DFT block size,etc,if supported
Conclusions
This contribution discusses on UL PTRS in CP-OFDM and DFT-s-OFDM. The observations and proposals are as follows:
Observation 1: PT-RS for phase noise compensation is unnecessary in DFT-s-OFDM 
Observation 2: PTRS can be used for CFO/Doppler correction in DFT-s-OFDM
Observation 3: Additional DMRS can be considered for compensation of phase distortion due to residual frequency offset and mobility. 
Observation 4: Considering trade-off between RS overhead and receiver complexity, supporting PTRS should be carefully decided. 
Proposal 1: NR should determine Pre DFT insertion or Post DFT insertion for PT-RS in DFT-s-OFDM considering other design aspects, such as PAPR, complexity and DFT block size, etc, if supported
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(a) Pre-DFT PT-RS insertion
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(b) Post-DFT PT-RS insertion
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(b) Post-DFT PT-RS insertion
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(b) Post-DFT PT-RS insertion
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