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1. Introduction
In RAN1 NR AH #3 meeting, the following agreements on PT-RS have been achieved. [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

In this contribution, we provide some discussion on the remaining issues of PT-RS for CP-OFDM and DFT-s-OFDM waveform including association table definition, antenna port association, PT-RS multiplexing when additional DM-RS is present and the pattern of PT-RS for pre-DFT based scheme.
2. PT-RS for CP-OFDM
2.1 Association table definition
It has been agreed that the dynamic presence and density of PT-RS relies on MCS, SCS and BW. However the definition of the table used to map the MCS/SCS/BW to the dynamic presence and density of PT-RS should highly rely on the phase noise level in both gNB and UE side. Different gNB and UE may have different phase noise levels. Then it is not easy to find out a common table to define the mapping between MC/SCS/BW to the dynamic presence and density of PT-RS. 
The CFO and Doppler offset may also have impact on the pattern of PT-RS, which may change from time to time. Further, to support some other methods, such as MUST, where the MCS for the far UE cannot reflect the real modulation order, to dynamically configure the pattern should be necessary.
Therefore, as discussed above, it is better to define N (N>1) tables used to define the mapping between MCS/SCS/BW to the dynamic presence and density of PT-RS with regard to different phase noise levels in different gNB and UEs. When determining those tables, not only the PN models in RAN1, but also some other PN models in RAN4 as shown in [5] should be considered. The CFO and Doppler impact should also be taken into account. Further considering the forward compatibility, dynamic switching of the table should be supported. By default the association table for the worst case should be used. Table 1 and Table 2 illustrates one example for the default association table.
Table 1: association table for time domain density
	MCS
	Time domain density

	MCS >= 0
	Every symbol



Table 2: association table for frequency domain density
	Allocated Bandwidth 
	Frequency domain density

	BW >= 1 RB
	1/2 RE/RB/Symbol



Figure 1 illustrates the procedure for the PT-RS association table configuration. The default association table can be used before the gNB configures a second PT-RS table. In the second PT-RS table, the gNB should try to reflect the best PT-RS density according to current PN model, CFO and Doppler offset. The UE can also help to recommend the threshold for the second association table. The default PT-RS table can be considered as a fallback in case some threshold in the second table cannot work well. Then if some advanced technologies are used, such as MUST, a third association table can be defined.


Figure 1: procedure for multiple PT-RS association table configuration
Proposal 1: The default association table should only define the PT-RS with highest density with regard to different phase noise model, CFO and Doppler impact.
Proposal 2: With regard to different phase noise levels in different gNB and UEs, as well as the forward compatibility, N tables used to define the mapping between MCS/SCS/BW to the dynamic presence and density of PT-RS should be defined or maintained, and dynamic switching of the table should be supported.
2.2 Interference Suppression
Large density of PT-RS should be used when the interference is large, to save the overhead of PT-RS, one possible way is to reduce the intra-cell and inter-cell interference. For example, the Zero Power (ZP) PT-RS can be considered to reduce the inter-cell interference. As shown in Figure 2, when one UE in cell 2 has larger bandwidth, in frequency domain, its PT-RS may be enough, then it may use some ZP PT-RS so that the PT-RS of UE in cell 1 could have high SINR so that its frequency density of PT-RS can be reduced. Hence when determining the frequency density, some inter-cell interference suppression scheme, such as ZP PT-RS, should be taken into account.
Further, as the numerology can be different in different cells. For the MMSE receiver, it is not easy to calculate accurate interference covariance matrix if the neighbour cell is using a larger subcarrier spacing. Figure 2 illustrates one example for the potential issue for interference covariance matrix calculation, where the TRP2 uses the SCS as twice as that TRP1 uses. It can be observed that the interference estimated in the front-loaded DMRS cannot reflect the real interference in the second half of slot. Hence to reduce the intra-cell and inter-cell interference and to improve the accuracy of interference covariance matrix calculation, the ZP PT-RS should be supported.


Figure 2: one example for possible issues for interference covariance matrix calculation
Proposal 3: To reduce the intra-cell and inter-cell interference and to improve the accuracy of interference covariance matrix calculation, the ZP PT-RS should be supported. 
2.3 AP Association of PT-RS
As the SINR in different AP could be different, it is better that the PT-RS can be associated with the AP with the highest SINR. However, to support such AP association, some control signalling should be necessary. For DL, it has been agreed that the PT-RS AP is associated with the lowest AP. Then some UCI feedback on which AP is the best could help the gNB to find out the best AP. For UL, the gNB can know which AP is the best, then some control signalling to indicate the best UL AP could be necessary. 
Figure 3 illustrates the link level simulation results for the PT-RS in rank=2 transmission. Three different kinds of precoder schemes have been evaluated. For the AP selection scheme, the PT-RS could use the same precoder as the one of the AP of DMRS with strongest SINR. For the fixed AP scheme, the PT-RS AP is fixed to be the same as one of the AP of DMRS. For the random AP scheme, the PT-RS AP index is determined by the slot index. Given the DMRS is using AP 0 and 1, the AP index of PT-RS can be determined by , where  indicates the slot index. Detail simulation assumption is illustrated in Table A-1 in Appendix. It can be observed that with AP selection, about 2.5 dB performance gain can be achieved.
[image: ]
Figure 3: link level simulation results for rank=2 transmission 2/3 16QAM and CDL-A
Therefore to get the best performance, the configured AP association for UL PT-RS should be supported. For DL, the AP association of PT-RS can be fixed since the gNB can switch the layers by its implementation, and some feedback should be necessary to provide some information to help the gNB to do the layer permutation. 
Proposal 4: For UL, configured PT-RS AP association should be supported.
Proposal 5: For DL, it should be supported that UE can recommend the strongest layer in CSI feedback. 
2.4 PT-RS density for diversity based transmission scheme
It has been agreed that the density of PT-RS should rely on the scheduling bandwidth. For smaller resource allocation case, the density of PT-RS can be relatively high to achieve more accurate channel estimation; for larger resource allocation case, its density can be low to save the overhead. However for transmit diversity case, the beam/precoder cycling can be used. Different beams/precoders can be used in different PRGs. Then the PT-RS within one PRG can use the same beam/precoder and different beams/precoders can be used for PT-RS in different PRGs. Hence for beam/precoder cycling based transmission scheme, the frequency domain density of PT-RS should be also determined by PRG size.
Proposal 6: for beam/precoder cycling based transmission scheme, the frequency domain density of PT-RS should be determined by PRG size.
Further if additional DMRS symbol is used, the overlapping between PT-RS and DMRS may happen. In that case, one possible way is to puncture the PT-RS, but the performance may be impacted. Another possible way is to define the PT-RS starting symbol to be always the consecutive symbol after additional DMRS symbol, which is aligned as the design of PT-RS symbol index after front-loaded DMRS symbol. To keep the symmetric design for both front-loaded DMRS symbol case and additional DMRS symbol case, when additional DMRS symbol is used, the PT-RS should be inserted at the consecutive symbol after additional DMRS symbol.
Proposal 7: When additional DMRS symbol is used, the PT-RS should be inserted at the consecutive symbol after the additional DMRS.
In addition, different bandwidth parts may be able to use different numerologies. As the dynamic presence and density of PT-RS can be determined by SCS/BW/MCS, it is not easy to find a common SCS to determine the PT-RS if multiple bandwidth parts are scheduled. Therefore, in that case, it is better that the dynamic presence and density of PT-RS for one bandwidth part can be determined by the SCS/BW/MCS within this bandwidth part independently.
Proposal 8: The dynamic presence and density of PT-RS for each bandwidth part should be determined independently if different numerologies are used for different bandwidth parts.
2.5 Further Enhancement of PT-RS
The non-orthogonal multiplexing of multiple antenna ports of PT-RS for MU-MIMO case could be possible. Then those APs of PT-RS can be use the same time/frequency resource. However it is better that the receiver could distinguish the PT-RS for different APs. Therefore one possible way is to define multiple scramble IDs and each can be used for one non-orthogonal AP. To support non-orthogonal multiplexing for MU-MIMO case, multiple scramble IDs should be supported. Further, to support interference randomization, the subcarrier offset and RB offset of PT-RS can be determined by the scramble ID.
Proposal 9: To support non-orthogonal multiplexing for MU-MIMO case, multiple scramble IDs should be supported, and both the RB offset and subcarrier offset of PT-RS can be determined by scramble ID.
Further there could be some performance benefit from the power boosting of DMRS. For PT-RS, the power boosting may also provide some benefit. Hence the EPRE ratio between the PT-RS and PDSCH can be configurable. For uplink, there can be an offset between the transmission power of PUSCH and that of PT-RS for power control. In addition, since one AP of PT-RS can be the same as one AP of one DMRS APs group, whether it is necessary to keep the same EPRE for PT-RS and that for DMRS can be studied.
Proposal 10: The power boosting of PT-RS should be supported, and the EPRE ratio between PT-RS and PDSCH should be configurable.
3. PT-RS for DFT-s-OFDM
3.1 PT-RS Sequence
For DFT-s-OFDM waveform, the chunk based PT-RS has been agreed. Then there are the following options to generate the sequence:
· Option 1: the sequence is generated by BPSK
· Option 2: common sequence is used for PT-RS or DMRS for UL CP-OFDM
There are some arguments that the BPSK could help to reduce the PAPR. However according to the agreed PT-RS pattern, it looks the PAPR/CM difference is not significant. Figure 4 illustrates some simulation results on the CCDF of CM. Then regarding implementation complexity, it is not necessary to use a different sequence for different waveforms. Therefore, option 2 is preferred.
[image: ]
Figure 4: CCDF of CM for different PT-RS sequences
Proposal 11: Regarding no significant difference in CM/PAPR between different PT-RS sequences, it is better to use common sequence for PT-RS in different waveforms and UL DMRS. 
3.2 PT-RS Presence
It has been agreed that for DFT-s-OFDM waveform, the uplink DMRS can have two front-loaded symbols with TD-OCC according to the agreements below. [2]
Agreements:
· For DFT-S-OFDM based PUSCH DMRS
· DMRS are mapped to resource elements using a comb structure (IFDMA). 
· DMRS and associated PUSCH are multiplexed in time domain
· At least the following (repetition factor, CS) combinations is supported
·  (2, 2)
· Front load DMRS is allocated to 1 or 2 OFDM symbols
· When 2 OFDM symbols are allocated, TD-OCC ({1 1} and {1 -1}) are supported for orthogonal DMRS port multiplexing.
· FFS the detailed applicability of 1 vs. 2 OFDM symbols
· FFS the location of the DMRS symbol(s)
Then if TD-OCC is used, the phase shift between two symbols should not be high, which means the PT-RS is not necessary. So when number of front-loaded DMRS symbol is 2, the PT-RS should not be used.
Proposal 12: When number of front-loaded DMRS symbol is 2 with TD-OCC, the PT-RS should not be used.
3.3 UCI multiplexing
The UCI may be transmitted via PUSCH, which should have higher requirement of reliability than data. To increase the performance of UCI, it is better to multiplex the UCI closed to the chunk based PT-RS, so that the UCI can get better phase tracking performance. Figure 5 illustrates one possible way for the UCI multiplexing.


Figure 5: UCI multiplexing when PT-RS is used
Proposal 13: The UCI should be multiplexed to the symbols closed to PT-RS.
4. Conclusion
In this contribution, we provide some discussion on the PT-RS, and the following observations and proposals for CP-OFDM waveform have been achieved.
Proposal 1: The default association table should only define the PT-RS with highest density with regard to different phase noise model, CFO and Doppler impact.
Proposal 2: With regard to different phase noise levels in different gNB and UEs, as well as the forward compatibility, N tables used to define the mapping between MCS/SCS/BW to the dynamic presence and density of PT-RS should be defined or maintained, and dynamic switching of the table should be supported.
Proposal 3: To reduce the intra-cell and inter-cell interference and to improve the accuracy of interference covariance matrix calculation, the ZP PT-RS should be supported. 
Proposal 4: For UL, configured PT-RS AP association should be supported.
Proposal 5: For DL, it should be supported that UE can recommend the strongest layer in CSI feedback. 
Proposal 6: For beam/precoder cycling based transmission scheme, the frequency domain density of PT-RS should be determined by PRG size.
Proposal 7: When additional DMRS symbol is used, the PT-RS should be inserted at the consecutive symbol after the additional DMRS.
Proposal 8: The dynamic presence and density of PT-RS for each bandwidth part should be determined independently if different numerologies are used for different bandwidth parts.
Proposal 9: To support non-orthogonal multiplexing for MU-MIMO case, multiple scramble IDs should be supported, and both the RB offset and subcarrier offset of PT-RS can be determined by scramble ID.
Proposal 10: The power boosting of PT-RS should be supported, and the EPRE ratio between PT-RS and PDSCH should be configurable.

Further, based on the above discussion, the following proposals for PT-RS for DFT-s-OFDM waveform have been achieved. 
Proposal 11: Regarding no significant difference in CM/PAPR between different PT-RS sequences, it is better to use common sequence for PT-RS in different waveforms and UL DMRS. 
Proposal 12: When number of front-loaded DMRS symbol is 2 with TD-OCC, the PT-RS should not be used.
Proposal 13: The UCI should be multiplexed to the symbols closed to PT-RS.
Appendix
Table A-1: Simulation Assumption
	Parameter
	Assumption

	Channel Model
	CDL-A

	Carrier frequency
	30GHz

	Simulation bandwidth
	80MHz

	Subcarrier spacing
	60kHz

	Modulation and coding scheme
	2/3 16QAM

	MIMO configuration
	2x2, rank 2 transmission

	PT-RS density
	0.5 RE/Symbol/RB

	DMRS channel estimation
	Perfect

	PT-RS channel estimation
	Matched filter

	MIMO equalizer
	MMSE-IRC

	PT-RS AP selection period
	5 slots

	Number of symbols for data
	11
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