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Introduction
During RAN1 NR Ad-hoc #3, RAN1 captured the following agreements regarding PTRS [1]
Agreement:
For both contiguous and non-contiguous scheduling for the purposes of selecting RBs for mapping PTRS for CP-OFDM: 
· N_RB is interpreted as the number of scheduled RBs
· The scheduled RBs are indexed as 0 to N_RB-1 from the one with lowest PRB index to the one with highest PRB index
· The same PT-RS frequency density table is used for contiguous and non-contiguous scheduling where N_RB is the scheduled BW.
Agreement:
· The subcarrier for which the PTRS associated with a certain DMRS port is mapped is the same in all RBs where PT-RS is present 
· The maximum number of DL PT-RS ports is the same as the number of DMRS groups per PDSCH, which is 2 in Rel-15
· The subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port, consider further these alternatives until Wednesday: 
· Alt.1 Fixed to smallest subcarrier index k 
· Alt.2 Default is fixed to largest subcarrier index k. Can be configured to other subcarriers by higher layer signalling. 
· Alt.3a Implicitly given by Cell ID 
· Alt.3b Implicitly given by another UE specific parameter (DMRS/PT-RS scrambling ID (if defined), C-RNTI,…)
· Alt.4 Each DMRS port maps PT-RS to a different subcarrier by a specified rule 
Agreement:
For mapping of PT-RS to RBs among the scheduled RBs for DL and UL: The no RB offset (=0, PT-RS is present in the scheduled RB with lowest RB index and then follows the pattern according to the PT-RS freq. density) is the default value if supported. Down-selection among the following alternatives in RAN1#90bis:
· Alt.1: RB offset is fixed (e.g., RB offset=0) in Rel. 15
· Alt.2: RB offset is determined based on UE-specific configuration 
· FFS default RB offset is needed
· FFS the RB offset is explicitly signaled via higher layer signaling or implicitly determined based on the UE specifically configured parameter (e.g., C-RNTI, SCID) 
· Companies are encouraged to provide evaluation results for next meeting to assess whether higher layer configuration of RB offset is beneficial for interference randomization

Agreement:
· For chunk-based pre-DFT PTRS insertion for DFTsOFDM, support the following
· The supported values for K (chunk size) are 2 and 4
· Implicit configuration depending on MCS/BW
· The supported values for X (number of chunks/DFTsOFDM symbol) are at least 2 and 4
· X implicitly depends on allocated bandwidth and/or MCS and/or K value
· Implicit configuration can be subcarrier spacing dependent
· FFS if K=1 is also supported and exact mechanism
· When X=2 is configured, downselect among the following:
· Alt. 1: chunks are placed head/tail of DFTsOFDM symbols containing PTRS
· Alt. 2: chunks are placed middle/tail of the  DFTsOFDM symbols containing PTRS
· Alt. 3: chunks are placed head/middle of the  DFTsOFDM symbols containing PTRS
· Alt. 4: chunks are placed middle of each of the X equally-sized parts of the  DFTsOFDM symbols containing PTRS
· For PTRS sequence, downselect from the following options:
·  Option 1:
· pi/2 BPSK PTRS is used for pi/2 BPSK PUSCH
· [FFS] PTRS sequence consists of the outermost points of the PUSCH constellation
· Option 2
· Reuse the same sequence as PTRS or DMRS sequence for UL CP-OFDM
· FFS: Time-domain PTRS density reduction is supported at least for allocated bands below N RB and/or some MCS
· Time-domain pattern depends on DM-RS positions (DFTsOFDM positions near DMRS do not contain PTRS)
· FFS: N value
· FFS: every other DFTsOFDM symbol not neighbouring DM-RS positions does not contain PTRS
· For RB allocation larger than N, PTRS density reduction is configured by RRC

Design aspect of the PT-RS for downlink
2.1 Relationship between PT-RS port and DMRS port group
In RAN1 NR Ad-hoc #3 meeting, it was discussed for the subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port. There are alternatives as follows:
· Alt.1 Fixed to smallest subcarrier index k 
· Alt.2 Default is fixed to largest subcarrier index k. Can be configured to other subcarriers by higher layer signalling. 
· Alt.3a Implicitly given by Cell ID 
· Alt.3b Implicitly given by another UE specific parameter (DMRS/PT-RS scrambling ID (if defined), C-RNTI,…)
· Alt.4 Each DMRS port maps PT-RS to a different subcarrier by a specified rule 
Figure 1 shows an example on PT-RS mapping to lowest DMRS port index. In this figure, we assumed that gNB configured DMRS port #1 to UE. Then there are 6 opportunities in a RB for PTRS allocation, {1,3,5,7,9,11}-th subcarrier index. The simplest way to allocate PTRS port to subcarrier is use highest/lowest index of subcarrier.



Figure 1. Example on PTRS mapping to lowest DMRS port index

Although allocating PT-RS to the lowest/highest subcarrier index is the simple, inter cell PT-RS interference occurred. Figure 2 shows an example on interference occurred from neighbour cell. When each gNB configure DMRS port #1 in a DMRS group, PT-RS from each cell would have same subcarrier index. It is obvious that performance of phase tracking decreased



Figure 2. Interference between PT-RS 

In Alt. 2, when gNB schedules PT-RS transmission, it exchanges information about PT-RS allocation with neighbour cells. Through information of PT-RS allocation exchange, PT-RS between cells can be allocated separately. However, for this purpose additional signalling is necessary.
In Alt. 3a, as an implicit way, PT-RS can be allocated by estimated cell ID. As each cell may have its unique cell ID, cell ID may be different between neighbouring cells. PT-RS can have offset of subcarrier index according to its cell ID. Figure 3 shows an example on PT-RS allocation based on detected cell ID. In figure 3, we can see that PT-RS(s) are allocated on different subcarrier index by cell ID so that interference between PT-RS from neighbouring cell can be avoided without additional signalling overhead.


Figure 3. PT-RS allocation by detected cell ID 

 In Alt. 3b, as an implicit way, PT-RS can be allocated by another UE specific parameter (DMRS/PT-RS scrambling ID (if defined), C-RNTI). Compared to the cell ID based PT-RS allocation, UE specific parameter based PT-RS allocation may have same PT-RS subcarrier index neighbouring cells. In order to avoid same PT-RS subcarrier index, the PT-RS allocation information should be shared between neighbouring cells. It may increase the network overhead. In other words, it is difficult to avoid interference between PT-RS from neighbouring cell based on UE specific parameter.
Proposal 1: For the case of single PTRS port mapping, to determine which subcarrier is used for PT-RS mapping in RB, detected cell ID based PT-RS mapping should be supported.

Figure 4 shows an example on multiple PT-RS port mapping to lowest DMRS port index. In figure 4, if PT-RS port 1 is associated with DM-RS port #1/#2 and PT-RS port #2 is associated with DM-RS port #3/#4, there is no ambiguity for PT-RS ports sub-carrier index since the DM-RS port #1/#2 and DM-RS port #3/#4 have different sub-carrier location. However, if PT-RS port 1 is associated with DM-RS port 1 and PT-RS port 2 is associated with DM-RS port 2, there is an ambiguity since DM-RS port 1 and DM-RS port 2 have same sub-carrier location. For resolving this ambiguity, two alternatives can be considered as follows : 
· Alt. 1 : PT-RS is allocated to the lowest subcarrier among subcarriers related to lowest DMRS ports index on where PT-RS is not transmitted.
· Alt. 2 : PT-RS is allocated to the lowest subcarrier in an RB, which RB doesn’t include PT-RS
Figure 5 show an example on multiple PT-RS port mapping to lowest DMRS port index with RB offset. In figure 5, we assume that the PT-RS port 1 is associated with DM-RS port 1 and PT-RS port 2 is associated with DM-RS port 2. In order to solve the ambiguity, we perform the RB offset. In other words, the PT-RS port 1 is located at RB1 and PT-RS port 2 is allocated at RB2. Also, based on cell ID based RE offset in a RB for PT-RS mapping, we can avoid interference between PT-RS from neighbouring cell.
Proposal 2: For the case of multiple PTRS ports mapping, to determine which subcarrier is used for multiple PT-RS mapping, detected cell ID and RB offset based PT-RS mapping should be supported.



Figure 4. Two PT-RS ports allocation by detected cell ID 


Figure 5. Two PT-RS ports allocation by detected cell ID and RB offset
2.3 Power boosting for PT-RS
In previous meeting, it was agreed to study whether or not to support power boosting for PT-RS. In LTE system, in order to improve the channel estimation, CRS is performed with power boosting. Since CRS in LTE is presence with every RB and every OFDM symbol, the signalling overhead is small. However, PT-RS can have the various time/frequency densities. Therefore, we have to consider PTRS power boosting carefully. Single-user with single TRP case is shown in Figure 6. Each PTRS port has different time/frequency density. For single-user case, since it is agreed to support orthogonal multiplexing between PTRS and data, the RE occupied by PTRS should be empty. In single-user case, the UE can know all PTRS port time/frequency density from sub-carrier spacing, MCS level and scheduled RBs which are already signalled. Therefore, the power boosting for PTRS can be performed without any additional signalling.
[image: ]
Figure 6 Example on single-user single-TRP scenario

Observation 1: PTRS power boosting in single-user single-TRP does not have RAN1 spec impact. It is an implementation issue.
In single-user multi-TRP case as represented in figure 7, in order to support PTRS power boosting, all TRP should share the PTRS configuration. Since each TRP may have different power constraint, power boosting is also different compared to the single-TRP case. Also, there are various resource allocation scenarios in multi-TRP transmission. For example, full-overlap, partial overlap and non-overlap resource allocation can be used for multi-TRP transmission. Each case can have different PTRS power boosting. Also, according to multi-TRP transmission scheme, i.e., JT, DPS, PTRS power boosting may have different power boosting. Therefore, there is large signalling overhead in order to support all case of power boosting in single-user multi-TRP transmission.
Observation 2: PTRS power boosting in single-user multi-TRP introduces large signalling overhead.
[image: ]
Figure 7 Example on single-user multi-TRP scenario
In multi-user case, it is agreed to support non-orthogonal multiplexing between PTRS and data. Therefore, compared to the single-user case, there is no empty RE for PTRS power boosting. For supporting PTRS power boosting, PTRS should use power of PDSCH. Since the PTRS has various time/frequency density, power boosting ratio between PTRS and data can be changed in scheduled RB and OFDM symbols. Therefore, it is also need to large signalling overhead to support PTRS power boosting. In addition, overall performance can be degraded since the interference between PTRS and data may be larger.
Observation 3: PTRS power boosting in MU-MIMO introduces large signalling overhead and interference between PT-RS and data as well.
Proposal 3: NR should not support PT-RS power boosting from NR specification point of view
2.3 PTRS mapping in frequency domain
It has been agreed that the frequency density of PTRS can be every other RB or every four RBs and other density values, e.g., 1, 1/8, can also be considered. Assuming the number of RBs allocated to a UE is NRB and the frequency density is df, the exact RB location of PTRS still cannot be identified either for contiguous RB allocation or non-contiguous RB allocation as shown in Figure 8, where Poffset is the PTRS RB offset. 
	
	
	Poffset =0
	Poffset =1
	Poffset =2
	Poffset =3
	
	
	
	
	

	RB Allocated to UE
	RB1 
	  RB2
	  RB3
	  RB4
	  RB5
	  RB6
	  RB7
	  RB8
	

	df=1/4
	
	
	
	
	
	
	
	
	
	

	RB Allocated to UE
	RB1 
	  RB2
	  RB3
	  RB4
	  RB5
	
	  RB n+6
	  RB n+7
	  RB n+8



Figure 8 RB allocation 
In the above example, there are 4 possible values to choose Poffset. Without knowing the exact offset value, UE cannot locate the PTRS ports correctly. It has been agreed in RAN1 Ad Hoc#3 that two alternatives will be down-selected including fixed offset and UE-specific configuration based offset. Fixed offset is the simplest approach and thus can serve as a baseline. However, there are two potential problems:
· When PTRS collides with other RS, e.g., CSI-RS, it has to be punctured and the performance will be degraded. With fixed offset, this collision cannot be avoided.
· It may leave a separate group of RBs without any PTRS assignment. or configurable based on factors such as other RS configuration, separate RB allocation, etc.
In this regard, Poffset needs to be configurable in explicit or implicit manner. Furthermore, configurable offset can also avoid collision of PTRS ports of multiple UEs. Evaluation results for interference randomization in this regard are shown in Fig. 9 where MCS level is 25 with modulation order 64 QAM. The interference level from the interfering UE is assumed to be 40dB. Almost 2 dB gain can be observed. 
[image: ]
Figure 9 RB offset 
Proposal 4: NR should support configurable PT-RS RB offset to optimize performance.
Discussion on pre-DFT PT-RS insertion for DFT-s-OFDM
2. 
3. 
3.1. Chunk based distribution vs. non-chunk based distribution
In previous meeting, it was agreed that chunk size K can be {2, 4}. K=1 is FFS.
There is discussion for chunk-based distribution with non-chunk based distribution for pre-DFT PT-RS insertion as shown Figure 9. 
[image: ]
Figure 9 Example on non-chunk-based and chunk-based distribution in pre-DFT region
If we consider same total PT-RS samples, there is trade-off between non-chunk based and chunk-based distribution. Compared to the non-chunk based distribution, the chunk-based PT-RS insertion has more strong to noise and interference. However, the non-chunk based distribution has more accurate interpolation. For example, in figure 9, there are 3 data samples in non-chunk based distribution while there are 5 data samples in chunk based distribution. In our simulation [2], the Chunk based distribution shows similar BLER performance to non-chunk based distribution. Therefore, both the non-chunk based and chunk based distribution PT-RS can be used according to transmission environment, such as channel property, Doppler effects and SNR region.
Proposal 5: NR should support both non-chunk based and chunk based distribution.

2. 
3. 
3.1. 
3.2. Design aspect of chunk-based PT-RS insertion
In previous meeting, it is agreed that number of chunk X can be {2, 4}. When X=2 is configured, there are four alternatives for chunk location as follows :
· Alt. 1: chunks are placed head/tail of DFTsOFDM symbols containing PTRS
· Alt. 2: chunks are placed middle/tail of the DFTsOFDM symbols containing PTRS
· Alt. 3: chunks are placed head/middle of the DFTsOFDM symbols containing PTRS
· Alt. 4: chunks are placed middle of each of the X equally-sized parts of the DFTsOFDM symbols containing PTRS

Figure 10 shows the examples on above four alternatives.

[image: ]
Figure 10 Example on X=2 chunk based PTRS location in pre-DFT region
Based on simulation results [2], the Alt. 1 has the worst BLER performance. The other alternatives have similar BLER performance. Even if Alt. 2, Alt. 3, Alt. 4 have the similar BLER performance in X=2, when we consider X=4 chunk based pre-DFT PT-RS insertion, the Alt. 4 can have the unified chunk allocation method for both X=2 and X=4. Therefore, the Alt 4 should be selected for chunk based pre-DFT PT-RS insertion.
Proposal 6: NR should support middle of each of the X equally-sized based pre-DFT PT-RS insertion for DFT-s-OFDM.
Conclusions
This contribution discusses DL PT-RS design. The observations and proposals are as follows:
Proposal 1: For the case of single PTRS port mapping, to determine which subcarrier is used for PT-RS mapping in RB, detected cell ID based PT-RS mapping should be supported.
Proposal 2: For the case of multiple PTRS ports mapping, to determine which subcarrier is used for multiple PT-RS mapping, detected cell ID and RB offset based PT-RS mapping should be supported.
Observation 1: PTRS power boosting in single-user single-TRP does not have RAN1 spec impact. It is an implementation issue.
Observation 2: PTRS power boosting in single-user multi-TRP introduces large signalling overhead.
Observation 3: PTRS power boosting in MU-MIMO introduces large signalling overhead and interference between PT-RS and data as well.
Proposal 3: NR should not support PT-RS power boosting from NR specification point of view.
Proposal 4: NR should support configurable PT-RS RB offset to optimize performance.
Proposal 5: NR should support both non-chunk based and chunk based distribution.
Proposal 6: NR should support middle of each of the X equally-sized based pre-DFT PT-RS insertion for DFT-s-OFDM.
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