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Introduction
In RAN1 NR Ad-hoc#2 meeting, the following agreements on phase tracking RS have been achieved:
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:
· If one DL PT-RS port is configured for a DL DM-RS port group, the DL PT-RS port and one DL DM-RS port in the DL DM-RS port group are associated for phase tracking, the association is determined in the specification
· FFS details for the association
· If one DL PT-RS port is configured for a DL DM-RS port group, the DL PT-RS port is associated with:
· Alt 1: the lowest DL DM-RS port in the DL DM-RS port group.
· Alt 2: one DL DM-RS port in the DL DM-RS port group in a RB, where the one DL DM-RS port may vary across RBs
· Other alternatives are not precluded
· To conclude with one alternative next meeting
· FFS the case of two codewords

Agreements:
· Study further whether or not to support power boosting for PT-RS considering different or same number of ports compared with DM-RS
· Down-selection among the following for CP-OFDM DL & UL for PTRS:
· Opt-1: a single association table pair per subcarrier spacing 
· Opt-2: UE recommends the preferred thresholds in tables and/or gNB to update/confirm
· Opt-3: multiple association tables for each subcarrier spacing, to reflect different phase noise models resulting from different carrier frequencies, subcarrier spacings, UE implementations
· Opt-4: a single association table pair per subcarrier spacing based on UE capability

Agreements:
· For PTRS for CP-OFDM, study further how to handle mapping PTRS in case of non-consecutive scheduling
· Alt 1: based on PRBs
· Alt 2: based on VRBs 
· Other alternatives are not precluded
· Note: consecutive scheduling can be considered as a special case
· For PTRS for CP-OFDM, study further whether or not there is need for interference randomization for PT-RS and if so, how
· Companies are encouraged to provide simulation results
· To continue study to finalize the PT-RS density tables w.r.t. to MCS and scheduled bandwidth

This contribution provides our views on phase tracking RS design for both UL and DL MIMO.
Discussion
PT-RS for UL
PT-RS for DFT-s-OFDM waveform could possibly be pre-DFT inserted (time domain insertion) or be post-DFT inserted (frequency domain insertion). Pre-DFT insertion, illustrated in Figure 1(a), has a merit of maintaining the PAPR property. However, it results in PT-RS spread in the frequency domain and mixed with data in the same OFDM symbol. Thus, the channel estimation using DMRS and phase variation estimation using PT-RS have to be done in the frequency domain and in the time domain, respectively. This is different to that of CP-OFDM waveform, where both channel property and phase variation are estimated in the frequency domain. For post-DFT PT-RS insertion, one alternative is to puncture the data on those sub-carriers where PT-RSs are mapped, which is depicted in Figure 1(b). The post-DFT scheme could achieve a unified PT-RS design for both CP-OFDM and DFT-S-OFDM waveforms, which reduces the receiver complexity. One drawback is that the inserting of PT-RS may destroy the single carrier property in UL, which will increase CM and PAPR. 
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(a) Pre-DFT
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(b) Post-DFT
Figure 1: Pre-DFT and post-DFT insertion of PT-RS
According to the simulation results in [1] and [2], it can be observed that in the case of small scheduled bandwidth, the system performance increases with decreasing PT-RS density for post-DFT insertion. For the 8 PRBs case, system performs best when one subcarrier is punctured and PT-RS is mapped to this sub-carrier, which also outperforms the pre-DFT scheme [2]. With such lower PT-RS density, the PAPR increase will not be significant. From the receiver complexity perspective, post-DFT insertion is preferred, since it supports a unified PT-RS design for both CP-OFDM and DFT-S-OFDM waveforms.

Proposal:
· For DFT-S-OFDM waveform, post-DFT PT-RS insertion is preferred.

PT-RS for DL
In NR, if one DL PT-RS port is configured for a DL DM-RS port group, the DL PT-RS port and one DL DM-RS port in the DL DM-RS port group are associated for phase tracking. Based on our understanding, one potential association is that the PT-RS port is applied same precoder as for one of the DMRS ports (associated DMRS port) within the port group, and then being mapped to one subcarrier carrying the DMRS port within a PRB. From the agreements in previous meeting, the PT-RS port association Alt-1 belongs to the fixed association rule, where the associated DMRS port is the one with the lowest port number within the port group. Although signaling overhead maybe slightly lower, such association may suffer from poor PT-RS estimation performance if the associated DMRS port has low SNR. As for Alt-2, a port cycling rule can be defined, where the association of DMRS port to one PT-RS port is cycled within its DMRS port group in a PRB level. Namely for each PT-RS port, its associated DMRS port is different in different PRBs. As an example, in Figure 2, one PT-RS port is configured which is associated with DMRS port#0 and DMRS port#1 in the first PRB and the second PRB, respectively. This alternative is beneficial to guarantee the robust PT-RS transmission.
[image: ]
Figure 2: Port cycling scheme for PT-RS

Proposal:
· Associated DMRS port cycling scheme (Alt-2) is supported for PT-RS transmission.
In NR RAN1#89 meeting, a pair of table was agreed to describe the PT-RS densities in time and frequency. Table 1 represents association between PT-RS time density and scheduled MCS, while association between PT-RS frequency density and scheduled BW is given in Table 2 [3]. Moreover, the association could be predefined which can be RRC-configured. In the last meeting, four table pair design options were proposed. The main target is to provide appropriate MCS/BW thresholds considering various gNB/UE implementations and forward compatibility. For Opt-2 and Opt-4, UE is required to suggest the thresholds with additional signaling, which increases the specification effort and the benefit is not quite clear. For Opt-3, even with multiple association table pairs for each subcarrier spacing, the appropriate thresholds may not be obtained due to the realistic phase noise may deviate from those phase noise models defined in [4]. Therefore, we propose to select Opt-1, where a single association table pair per subcarrier spacing is used. The predefined association table pair could be generated based on the compromise of several phase noise models. In addition, gNB may adaptively configure the MCS/BW thresholds based on the ACK/NACK information or other system performance related information acquired at gNB side.
Table 1 PT-RS time density
	Scheduled MCS 
	Time density 

	0 <= MCS < MCS1 
	No PTRS 

	MCS1 <= MCS < MCS2 
	TD1 

	MCS2 <= MCS < MCS3 
	TD2 

	MCS3 <= MCS < MCS4 
	TD3 



Table 2 PT-RS frequency density
	Scheduled BW 
	Frequency density 

	0 <= NRB < NRB1 
	No PTRS 

	NRB1 <= NRB < NRB2 
	FD1 

	NRB2 <= NRB < NRB3 
	FD2 

	NRB3 <= NRB < NRB4 
	FD3 

	NRB4 <= NRB < NRB5 
	FD4 

	NRB5 <= NRB 
	FD5 



Proposal:
· A single association table pair per subcarrier spacing (Opt-1) is preferred, unless significant performance gain is shown with other options.
It has been agreed that the RBs containing PT-RS can be derived from the scheduled RBs and the associated frequency density. Since the potential frequency density could be [every RB], every 2nd RB, every 4th RB, [every 8th RB, and every 16th RB], in the case of non-consecutive scheduling, it is possible that there is no PT-RS allocated for certain band parts of the scheduled bandwidth. Taking Figure 3 as an example, the scheduled bandwidth for a UE is divided into 3 non-consecutive band parts. When every 4th RB frequency density is used, there will be no PT-RS in the second band part. If these 3 band parts are distributed far from each other in the frequency domain, the frequency characteristics of the second band part, which may be different from other band parts, will not be captured by PT-RS.
[image: ]
Figure 3: PT-RS allocation in non-consecutive RBs
One possible solution is to map PT-RS based on the number of non-consecutive band parts of the scheduled bandwidth. The main principle is to guarantee at least one PT-RS subcarrier exists per band part. In this way, PT-RS should firstly be mapped for each band part. Then within each band part, PT-RS are individually mapped according to the associated frequency density. Figure 4 shows as example, where PT-RS is first mapped to the first PRB of each band part. Then in band part 3, according to every 4th RB frequency density, PT-RS is mapped to the fifth PRB and so on. It is reasonable to maintain the same number of PT-RS subcarriers in case of non-consecutive scheduling as in case of consecutive scheduling when number of scheduled PRBs are same. With this constraint, PT-RS is mapped across band parts first then mapped within band parts. 

[image: ]
Figure 4: PT-RS mapping based on the number of band parts
Proposal:
· In case of non-consecutive scheduling, band part number based PT-RS mapping is supported.
Conclusions
In this contribution, we provide our considerations on PT-RS design for both UL and DL. The PT-RS insertion for UL, the PT-RS association and allocation for DL are discussed, respectively. We have the following proposals:

Proposals:
· For DFT-S-OFDM waveform, post-DFT PT-RS insertion is preferred.
· Associated DMRS port cycling scheme (Alt-2) is supported for PT-RS transmission.
· A single association table pair per subcarrier spacing (Opt-1) is preferred, unless significant performance gain is shown with  other options.
· In case of non-consecutive scheduling, band part number based PT-RS mapping is supported.
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