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1. Introduction
In RAN1 NR AH #2 meeting, the following agreements on PT-RS have been achieved. [1]
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
Agreements:
· For PTRS for CP-OFDM, NR supports
· Information related to UE to facilitate PTRS port configuration 
· FFS details, e.g., UE to report information (if so, details), or re-using UE information available for other purposes
In this contribution, we provide some discussion on the remaining issues of PT-RS for CP-OFDM waveform including association tables for dynamic presence and density of PT-RS, precoding of PT-RS as well as some considerations for diversity support for PT-RS.
2. Discussion
2.1 Dynamic Presence and Density of PT-RS
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. 
Further, for some operation such as MUST, which is shown in Figure 1, the real modulation scheme is not the scheme used for Far-UE. As shown in the figure, the Far-UE will be configured to use QPSK. However the real modulation order is like 16QAM, which may need the PT-RS with higher density. 
[image: ]
Figure 1: one example for constellation in MUST
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. Further considering the forward compatibility, dynamic switching of the table should be supported.
Proposal 1: 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, 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.


Figure 2: one example for ZP PT-RS
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 3 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 3: one example for possible issues for interference covariance matrix calculation
Proposal 2: 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
The phase shift caused by phase noise and CFO could be the same from different antenna elements in one antenna panel. Then if one DL PT-RS port is configured for a DM-RS port group, the following options can be used to define the DMRS AP. 
Option 1: The AP of DMRS is associated with a fixed/configured AP of the DM-RS port group.
Option 2: The AP of DMRS is associated with one DL DM-RS port in the DM-RS port group in a RB, where the one DM-RS port may vary across RBs.
For option 1, the TRP could select the strongest AP to transmit the PT-RS to get better phase tracking performance. For uplink, it is easy for the TRP to determine which AP is better. For downlink, if only one codeword is used for one beam, some additional signalling is needed to indicate the best AP index for PT-RS. Hence at least for uplink, the precoder of PT-RS should be the same as one AP of DMRS or the PT-RS and DMRS can share one AP, and the AP index of PT-RS can be configured via DCI. For option 2, no additional signalling or operation is needed, but the performance cannot be the best comparing to other options. 
Figure 4 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 4: link level simulation results for rank=2 transmission 2/3 16QAM and CDL-A
Therefore in general, for PT-RS in UL, the AP selection can be easily supported by gNB implementation. Hence 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. However some feedback should be necessary to provide some information to help the gNB to do the layer permutation. If the feedback is not supported, option 2 should be supported since it does not rely on any additional feedback.
Observation 1: compared to fixed AP and random AP selection, about 2.5dB performance gain can be achieved with configured PT-RS AP selection.
Proposal 3: For UL, configured PT-RS AP association should be supported.
Proposal 4: For DL, if UE can recommend the strongest layer in CSI feedback, the fixed PT-RS AP association should be supported; otherwise, the dynamic PT-RS AP association among RBs should be supported. 
2.4 Remaining Issues for PT-RS density
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 5: for beam/precoder cycling based transmission scheme, the frequency domain density of PT-RS should be determined by PRG size.
Further it has been agreed that non-overlapping of PT-RS and SRS/CSI-RS should be supported. For some symbols, where there are PDCCH/PUCCH and data channel, the non-overlapping between PT-RS and PDCCH/PUCCH should also be supported. Then there could be some issues on how to determine the dynamic presence and density of PT-RS for those symbols with smaller BW. Figure 5 illustrates one example for the PT-RS transmission when the data channel can PDCCH/PUCCH are sharing the same symbols. Then as the remaining BW for the overlapping symbols could be smaller than other symbols, which should be , it should be better that the dynamic presence and density of PT-RS is determined by remaining BW, SCS and MCS in those symbols. Hence whether to use muting or shifting of the PT-RS can be determined by remaining BW, SCS and MCS in collided symbols.

Figure 5: one example for PT-RS transmission when data channel and PDCCH/PUCCH are sharing the same symbols
Proposal 6: when the collision between PT-RS and other channel or reference signal happens, whether to use shifting or muting can be determined by the remaining BW for data, SCS and MCS.
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 7: 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 considered.
Proposal 8: To support non-orthogonal multiplexing for MU-MIMO case, multiple scramble IDs should be considered.
Further there could be some performance benefit from the power boosting of DMRS. For PT-RS, the power boosting may also provide some benefit. 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 9: the power boosting of PT-RS should be studied.
3. Conclusion
In this contribution, we provide some discussion on the reference signal for phase tracking, and the following observations and proposals have been achieved.
Observation 1: compared to fixed AP and random AP selection, about 2.5dB performance gain can be achieved with PT-RS AP selection.
Proposal 1: 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, and dynamic switching of the table should be supported.
Proposal 2: 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 3: For UL, configured PT-RS AP association should be supported.
Proposal 4: For DL, if UE can recommend the strongest layer in CSI feedback, the fixed PT-RS AP association should be supported; otherwise, the dynamic PT-RS AP association among RBs should be supported. 
Proposal 5: for beam/precoder cycling based transmission scheme, the frequency domain density of PT-RS should be determined by PRG size.
Proposal 6: when the collision between PT-RS and other channel or reference signal happens, whether to use shifting or muting can be determined by the remaining BW for data, SCS and MCS.
Proposal 7: 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 8: To support non-orthogonal multiplexing for MU-MIMO case, multiple scramble IDs should be considered.
Proposal 9: the power boosting of PT-RS should be studied.
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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