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Introduction
During RAN1 Ad-hoc #2, RAN1 captured the following working assumption regarding UL phase tracking RS for DFT-s-OFDM. 
Agreements:
· For PT-RS insertion for UL DFT-S-OFDM 
· Companies are encouraged to perform simulations with realistic simulation assumptions comparing pre-DFT vs. post-DFT PT-RS insertion
· For pre-DFT, companies are encouraged to compare chunk-based distribution vs. non-chunk based distribution
Agreements:
· Support at least full symbol-level time density for time-domain PT-RS for DFT-S-OFDM (every PUSCH carrying symbol)
· FFS: whether to support configurable symbol-level time density for time-domain PT-RS density reduction for DFT-S-OFDM
· Note: If supported, the configuration can be implicit (associated with scheduled MCS and/or BW and/or DM-RS port(s)/position) or explicit, which is to be decided in next meeting

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 PT-RS for DFT-s-OFDM, following design aspects should be considered in order to decide which option is supported.
· Low PAPR (maintain single-carrier property)
· Phase noise compensation performance
· 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.
[bookmark: _GoBack]- 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 1 shows the PAPR performance comparison between pre-DFT scheme and post-DFT scheme with a PAPR reduction scheme. It is clearly seen that there is only 0.4dB PAPR difference between proposed post-DFT PT-RS and pre-DFT PT-RS. This behavior is seen for both the cases of 8 and 32 scheduled RBs as shown in Figure 1 and 2 Therefore, PT-RS for DFT-s-OFDM should consider low PAPR requirement regardless of pre-DFT scheme or post-DFT scheme.

Observation 1: PAPR difference between post-DFT PT-RS insertion and pre-DFT PT-RS insertion is very small . 
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Figure 1. PAPR performance comparison of the proposed PT-RS insertion scheme for 8 RB
[image: ]

Figure 2. PAPR performance comparison of the proposed PT-RS insertion scheme for 32 RB
2. Phase noise compensation performance
- Figure 3 shows that BLER performance for post-DFT PT-RS insertion and pre-DFT PT-RS insertion. We use 8RB or 32RB, 64QAM, 120 kHz sub-carrier spacing, and TDLC channel. ‘Pre C2L2’ means 2 chunks with 2 localized PT-RS for pre-DFT scheme. We assume that all chunks are uniformly distributed in the overall DFT-s-OFDM samples within a symbol. ‘Post T1F2’ means that PT-RS are assigned every DFT-s-OFDM symbol with 1 RE per 2RBs for the case of post DFT scheme. And also ‘PostT1F4’ means that PTRS is inserted in every DFT-s-OFDM symbol with 1 RE per 4 RBs. That is, ‘PreC2L2’ and ‘PostT1F4’ has the same density of PTRS wrt to the data samples. In this figure, when Post DFT PT-RS and Pre DFT PT-RS has same density, post-DFT PT-RS insertion has better BLER around 1dB. Compared to the loss of PAPR, a larger SNR gain in terms of the BLER performance is seen for post-DFT PT-RS insertion. In addition, post-DFT PT-RS insertion which has half density as the pre-DFT scheme is shown to have a similar or better performance compared with pre-DFT insertion. It means that post-DFT PT-RS insertion provides higher spectral efficiency compared to pre-DFT PT-RS insertion.

[image: ]
[image: ] 
Figure 3. BLER performance comparison of the DFT-s-OFDM PT-RS insertion scheme
Observation 2: Post-DFT PT-RS insertion has better BLER performance compared to pre-DFT PT-RS insertion


3. 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 PT-RS 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 3: 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 4: A common design scheme for PTRS is possible between CP-OFDM and post DFT-s-OFDM mechanisms.

4. 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. 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. DFT blocks with various sizes should be implemented resulting in a high complexity at gNB receiver. However, the size of the DFT can still be maintained by performing M-point DFT over M-k data symbols and then inserting k RS symbols in frequency domain. 
Table 1. Comparison between pre-DFT PT-RS and post DFT PT-RS
	
	Pros
	Cons

	Pre-DFT PT-RS
	- Low PAPR

	- High complexity for channel/phase noise estimation
- Different PT-RS configuration compared to CP-OFDM
- Worse BLER performance

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



Proposal 2: NR should support post-DFT insertion of PT-RS in DFT-s-OFDM.
Conclusions
This contribution discusses on UL PT-RS 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: PAPR difference between post-DFT PT-RS insertion and pre-DFT PT-RS insertion is very small. 
Observation 2: Post-DFT PT-RS insertion has the better BLER performance compared to the pre-DFT PT-RS
Observation 3: 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.
Proposal 2: NR should support post-DFT insertion of PT-RS in DFT-s-OFDM.
References
[1] Chairman’s Note of 3GPP TSG RAN WG1 Ad-hoc #2

image2.emf
2 4 6 8 10 12 14

PAPR values (dB)

0

0.2

0.4

0.6

0.8

1

C

D

F

Post DFT, 32 RB

Pre DFT 32 RB X = 16, Y= 1

Pre DFT 32 RB X = 2, Y= 8

Pre DFT 32 RB X = 4, Y= 4

Pre DFT 32 RB X = 8, Y= 2

Pre DFT 32 RB X = 1, Y= 16


image3.emf
20 22 24 26 28 30 32 34 36

SNR

10

-2

10

-1

10

0

B

L

E

R

DFT-s-OFDM, 8PRB, 64QAM, SCS 120kHz, TDLC channel

No PN

with PN

Pre C1L4

Pre C2L2

Pre C4L1


image4.emf
20 22 24 26 28 30 32 34 36

SNR

10

-2

10

-1

10

0

B

L

E

R

DFT-s-OFDM, 32PRB, 64QAM, SCS 120kHz, TDLC channel

No PN

with PN

Pre C4L4

Post T1F2

Post T1F4


image1.emf
2 4 6 8 10 12 14

PAPR values

0

0.2

0.4

0.6

0.8

1

C

D

F

Post DFT 8 RB

Pre DFT 8 RB X=1, Y=4

Pre DFT 8 RB X=4, Y=1

Pre DFT 8 RB X=2, Y=2


