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1. Introduction
In the RAN1 NR Ad-Hoc meeting some agreements on RS for phase tracking for CP-OFDM waveform have been achieved as follows [1]:
· Regarding PT-RS for CP-OFDM, the following is supported
· For a given UE, the designated PT-RS is confined in scheduled resource as a baseline
· Whether/how to share DL PT-RS among UEs is FFS
· Presence of PT-RS in scheduled resource is UE-specifically configured/indicated
· Multiple PT-RS densities defined in time/frequency domain are supported
· UE can assume same precoding for a DM-RS port and a PT-RS port
· Among which ports and mapping rules (fixed and/or configurable, etc) are FFS
· Number of PT-RS ports can be fewer than number of DM-RS ports in scheduled resource
· Study the following for PT-RS, taking overhead and forward compatibility into account
· Details on frequency domain patterns/densities
· How to indicate presence/patterns of PT-RS
· E.g., implicitly indicated based on association with numerology/MCS/number of allocated PRBs/UE category
· E.g., explicit indication by L1/L2/L3 signaling
· Port multiplexing methods
· E.g., non-orthogonal multiplexing within PT-RS ports and with data
· Using PT-RS for CFO/Doppler estimation
· QCL relationship between PT-RS and DM-RS
· Joint transmission of CSI-RS and PT-RS for improving CSI acquisition accuracy
· Others are not precluded

In the RAN1 #88 meeting some agreements on RS for phase tracking have been achieved as follows [2]:
· Presence/patterns of PT-RS are configured by a combination of RRC signaling and association with parameter(s) used for other purposes (e.g., MCS) which are (dynamically) indicated by DCI.
· Whether PT-RS can be present or not depends on RRC configuration. 
· When configured, the dynamic presence is associated with DCI parameter(s) including at least MCS
· FFS: Time domain density is associated with dynamic configuration by MCS. 
· When present, frequency domain density is associated with at least dynamic configuration of the scheduled BW.
· FFS: Frequency domain density is associated with dynamic configuration by MCS. 
· FFS: Frequency-domain pattern design supports both frequency-localized and frequency-distributed allocation of PT-RS subcarriers.
· Other association factors/rules are not precluded.
· Usage of PT-RS, e.g. CFO/Doppler correction, is not precluded, pattern/signaling for this use case can be different
In RAN1 #88bis meeting, the following agreements are achieved. [3]
· For CP-OFDM, the same PTRS to RE mapping and PTRS densities in time and frequency are available for DL and UL 
· Distributed PTRS (non-consecutive subcarriers) in the frequency domain is used as default configuration
· FFS: Support optional frequency-localized pattern with UE-specific explicit signaling.  (e.g. higher MCS case) 
· For single-user case, support orthogonal multiplexing among PTRS ports, if multiple PTRS antenna ports are supported.
· FFS: how to multiplex multiple PTRS ports, e.g. FDM, TDM, CDM
· FFS: Whether to support multiple PTRS ports or not (FFS: Max number of PTRS APs).
· Support orthogonal multiplexing between PTRS and data transmitted or received by a single UE.
· For MU-MIMO, non-orthogonal multiplexing of e.g. PTRS/PTRS and PTRS/data is possible but also orthogonal multiplexing to be considered
· FFS: Support multiplexing through multiple scrambling sequences for PTRS port(s) 
· Support association between PTRS port and DMRS port group
In RAN1 #89 meeting, the following agreements on PT-RS for CP-OFDM are achieved. [4]
Agreements:
· The RBs containing PTRS can be derived from the scheduled RBs and the associated frequency density
· For a given RB, if present, one PTRS port should be mapped on one subcarrier carrying one or more DMRS ports of the associated DMRS port group
· FFS: to support different subcarriers by complementary option  
· Support non-overlapping between PTRS and CSI-RS
· FFS whether PTRS or CSI-RS should be punctured or shifted on overlapping part if PTRS and CSI-RS are collided
· Support non-overlapping between PTRS and SRS
· FFS whether PTRS or SRS should be punctured or shifted on overlapping part if PTRS and SRS are collided
· FFS: Support non-overlapping between PTRS and SS block
· FFS whether PTRS or SS block should be punctured or shifted on overlapping part if PTRS and SS block are collided
Agreements:
· For SU-MIMO, support predefined and RRC-configured association between PTRS densities and scheduled MCS/BW
· FFS: RRC configuration can override the predefined association 
· Table 1 in R1-1709521 to represent association between PTRS time density and scheduled MCS
· Table 2 in R1-1709521 to represent association between PTRS frequency density and scheduled BW
· Note: The number of rows in Table 1 and 2 can be reduced if the densities are down-selected
· FFS: UE to suggest MCS/BW thresholds in Table 1 and 2
· FFS: complementary DCI signaling 
· For CP-OFDM and the tables on next page, the time-densities (TD) of PTRS include every 4th symbol, every 2nd symbol, and every symbol, while the frequency-densities (FD) of PTRS include occupying one subcarrier (not necessarily in all REs, depending on the time density) in [every RB], every 2nd RB, every 4th RB, [every 8th RB, and every 16th RB]
· The time density of PTRS is expected to increase with increasing the scheduled MCS (except for those reserved MCSs).
· The frequency density of PTRS is expected to decrease with increasing the scheduled BW (i.e., the number of scheduled RBs)
· FFS: frequency localized mapping
· FFS: The frequency density of PTRS is expected to increase with increasing the scheduled MCS
· For a UE, the configured PTRS ports are FDMed
· FFS: TDM
· Support association between one PTRS port and one DMRS port per DMRS port group
· FFS: Configurable or fixed association
· FFS: Signalling methods, e.g., RRC, MAC-CE, DCI
· FFS: Support association between one or multiple PTRS ports and multiple DMRS ports per DMRS port group
· Study the benefits of configuring the number of PTRS ports for a UE, based on UE capability or UE report on
· Panels/TXRUs sharing a common oscillator or not, and/or
· Maximum number of independent oscillators at this UE, and/or
· Whether phase errors measured on PTRS ports are same or different
Agreements:
· For CP-OFDM,
· For SU-MIMO, dynamic presence of PTRS is determined by allocated MCS, BW, and subcarrier spacing
· FFS: For MU-MIMO case
· For SU-MIMO, time pattern of PTRS is determined by allocated MCS, and subcarrier spacing
· FFS: For MU-MIMO case

The dynamic presence and density of PT-RS could be determined by MCS, BW as well as SCS. In this contribution, we provide some discussion on the PT-RS for CP-OFDM waveform for the remaining issues including 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 Precoder of PT-RS
The phase shift caused by phase noise and CFO could be the same from different antenna elements in one antenna panel. To save PT-RS overhead, 1 antenna port per beam for PT-RS could be enough. In this case the following options for the PT-RS precoding can be considered:
Option 1: The PT-RS shares one AP of DMRS. The AP index for PT-RS could be one of the APs for DMRS.
Option 2: the PT-RS precoder is determined by the DMRS precoder. The precoder of PT-RS can be obtained by averaging the precoder of all layers of DMRS precoder.
Option 3: Independent rank-1 precoding for PT-RS. The PT-RS should be mapped to every symbols including the DMRS symbol.
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. For option 3, as best rank 1 precoder may not be any column in rank>1 precoder, independent precoder of PT-RS could help to achieve better performance. However the PT-RS should be mapped to DMRS symbol, which could result in additional overhead and may have some impact on the PAPR of DMRS.
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.
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Figure 4: link level simulation results for rank=2 transmission 2/3 16QAM and CDL-A
Observation 1: compared to fixed AP and random AP selection, about 2.5dB performance gain can be achieved with PT-RS AP selection.
Proposal 3: to save the overhead of PT-RS, one PT-RS antenna port per beam should be supported, and at least one of the following option should be supported for rank>1 transmission:
· Option 1: the precoder of PT-RS and that of one AP of DMRS is the same 
· Option 2: the precoder of PT-RS can be derived by averaging the precoder of all DMRS layers
Proposal 4: for DL, if the same precoder can be applied to PT-RS and one AP of DMRS, the feedback of best AP index associated with rank>1 CSI feedback should be considered. 
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.

Figure 5: one example for PT-RS transmission when data channel and PDCCH/PUCCH are sharing the same symbols
Proposal 6: the dynamic presence and density of PT-RS for the symbols where there are data channel and other signals, e.g. PDCCH/PUCCH/CSI-RS/SS-block should be independently 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: to save the overhead of PT-RS, one PT-RS antenna port per beam should be supported, and at least one of the following option should be supported for rank>1 transmission:
· Option 1: the precoder of PT-RS and that of one AP of DMRS is the same 
· Option 2: the precoder of PT-RS can be derived by averaging the precoder of all DMRS layers
Proposal 4: for DL, if the same precoder can be applied to PT-RS and one AP of DMRS, the feedback of best AP index associated with rank>1 CSI feedback should be considered. 
Proposal 5: for beam/precoder cycling based transmission scheme, the frequency domain density of PT-RS should be determined by PRG size.
Proposal 6: the dynamic presence and density of PT-RS for the symbols where there are data channel and other signals, e.g. PDCCH/PUCCH/CSI-RS/SS-block should be independently 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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