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Discussion and Decision
1 Introduction
The following agreement on PT-RS has been made in RAN1 #89 [1]:
	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 and/or CDM
· 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 following agreement on PT-RS has been made in RAN1 #88bis [2]:
	Agreements:
· 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


This document discusses PT-RS association, PT-RS power boosting, PT-RS interference mitigation and phase noise model.
2 Discussion

2.1 PT-RS association
As discussed in [3], for DL SU-MIMO, when multiple ports associated with different LOs are used, common phase error (CPE) on those ports are different. When multiple ports associated with the same LO, CPE on those ports are same. Therefore, depending on multiple ports are same LO or different LOs, single PT-RS port or multiple PT-RS ports are different. Although same LO could be more possibility of the same panel and different LO could be more possibility of different TRPs, fixed rule to panel/TRPs are not required. Therefore, the spec should allow the configuration of single or multiple PT-RS ports separately. 
According to agreements [1], association between one PTRS port and one DMRS port per DMRS port group is supported. Whether configurable or fixed association is FFS. As discussed in [3], we proposed to use fixed association. Even if a PT-RS port is associated with (i.e. precoded in the same way as) a fixed DMRS port, that fixed DMRS port (and PT-RS port) could be associated with best channel by implementation, thanks to the flexibility of DMRS based transmission (implementation based precoding). As a result, PT-RS port would use “best” channel.
PT-RS port could be associated with DMRS port with lowest index. For SU-MIMO, the lowest index can be selected from each DMRS port group with same LO. For MU-MIMO, the lowest index port can be selected from each DMRS ports group allocated to each UE. Therefore, there is no need of specific signalling.
For DL SU-MIMO port association, we propose following:
Proposal 1:
Multiple PT-RS ports should be supported.

Proposal 2:
The number of PT-RS ports associated with each group of DMRS ports of same LO is at most one.
Proposal 3:
Within the DMRS port group of same LO, PT-RS port is associated with the fixed DMRS port, for example, the port with lowest index. The lowest index PT-RS port can be selected from each DMRS ports group allocated to each UE.
2.2 PT-RS power boosting
According to the agreements, for SU-MIMO, FDM of PT-RS ports [1] and orthogonal multiplexing between PT-RS and data [2] are supported. Therefore, for SU-MIMO, for the RE carrying a single PT-RS port, other PT-RS ports or data would not be transmitted (i.e. the REs on the other antenna ports would be blanked where PT-RS is transmitted like Figure 1). Also, number of PT-RS ports can be fewer than that of ports carrying data. Therefore, the PT-RS can be transmitted with larger power than the data. In order to improve the accuracy of CPE correction, PT-RS power per subcarrier should be boosted like Figure 2. Thus we agree to use power boosting as discussed in [4] is useful. 
However, for UL, too high PSD on certain subcarrier makes RF and DA realization more complex. Therefore consideration by RAN4 is necessary. As for DL, power boosting is acceptable and naturally realized as the network products like TRP can have higher linearity in RF and more resolution on DA than UE.
When PT-RS is used for phase tracking only, the indication of boosted power would not be needed. However, if PT-RS is used for the other purpose (e.g. channel estimation), the indication of boosted power might be needed as the amplitude of PT-RS might be used for channel estimation.
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Figure 1 Example of FDMed PT-RS for SU-MIMO
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Figure 2 Example for PT-RS power boosting
Observation 1:
For DL PT-RS, power boosting is naturally supported.
Observation 2:
For UL PT-RS, power boosting will require RAN4 consideration.
Observation 3:
If PT-RS is used for the other purpose than phase tracking, the indication of boosted power might be needed.
2.3 PT-RS interference mitigation
2.3.1 Spatial correlation and PT-RS design
For DL, in especially cell edge, two PT-RS from the serving TRP and non-serving TRP could be collided. Similarly for DL MU-MIMO, two PT-RS on desired port (beam) and undesired port could be collided. Then PT-RS from serving TRP/desired port can be strongly interfered by PT-RS from non-serving TRP/undesired port, especially when DL PT-RS power is boosted. Thus at least for DL, to mitigate inter-UE/cell/TRP interference should be considered.
In order to mitigate that interference, different scrambling sequence for PT-RS among UEs/cells/TRPs is effective and supported. On the other hand, PT-RS utilizes each RE's phase whereas data is decoded together with the other data REs with coding, therefore more robust mitigation technique for PT-RS is required. Therefore, in addition to scrambling by sequence, reducing PT-RS collision between cells/UEs should be considered. 
The possible solutions to reduce PT-RS collision are as follows;
· PT-RS orthogonal multiplexing
· PT-RS frequency position randomization
Figure 3 shows an example of relation between spatial condition and possible solutions. PT-RS orthogonal multiplexing could be used for especially for high spatial correlation. PT-RS frequency randomization could be used for any conditions. For low spatial correlation, no specific action to reduce collision could be needed.
(In the following figure, "no specific action" is modified to "scrambling sequence only")
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Figure 3 Example of relation between spatial condition and possible solutions
2.3.2 PT-RS orthogonal multiplexing
First candidate is to use zero power PT-RS (ZP-PT-RS) among UEs/TRPs/cells or orthogonal PT-RS. For MU-MIMO UEs and coordinated cells/TRPs, PT-RS could be FDMed like PT-RS for SU-MIMO. As REs for the other UEs/TRPs/cells are blanked, the interference effect is minimized. But, the overhead of ZP PT-RS is large. Also, it requires the information of each other’s NZP-PT-RS position thus it cannot be used for non-coordinated cells.  Therefore, this method should be used for the case of high spatial correlation only.
For DL MU-MIMO, according to [5-6], non-orthogonal multiplexing of PT-RS is possible when only one LO is employed in TX. However, for the case that multiple LOs are employed in a TRP or multiple TRP are employed, orthogonal multiplexing of PT-RS is necessary in order to mitigate inter-UE interference. Our view is that the number of the FDMed PT-RS ports in MU-MIMO is up to the number of multiplexing for SU-MIMO layers.
Proposal 4: 
For DL, orthogonal multiplexing of PT-RS should be supported. The multiplexing method is by FDM same as to SU-MIMO case.
Proposal 5: 
For DL MU-MIMO, orthogonal multiplexing of PT-RS among UEs should be supported for the case of multiple LO in TX. The total number of multiplexing layers is up to the same number with SU-MIMO.
2.3.3 PT-RS frequency position randomization
As second candidate, for CP-OFDM, we propose that the frequency position (subcarrier) used for PT-RS is randomized in order to reduce PT-RS collision among UEs/TRPs/cells. Also, in order to reduce continuous collision of PT-RS, frequency position should be differentiated by every slot or every mini-slot. Figure 4 shows an example of PT-RS frequency position randomization. When PT-RS is collided with data, interference effect can be lower than collided with PT-RS as the power of data of the beam can be lower than PT-RS because of power boosting.
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Figure 4 Example of PT-RS frequency position randomization
PT-RS frequency position (subcarrier index) and/or hopping offset can be determined by pseudo-random function with cell/group/UE ID and slot/mini-slot index. In order to avoid the overlapping with the other RSs, frequency position should be differentiated by every slot for slot scheduling and by every mini-slot for mini-slot scheduling.
According to the agreement [1], PT-RS port is mapped on subcarrier carrying associated DMRS port. Therefore PT-RS port 1 frequency position is limited to REs colored gray in Figure 4.
The merit of this method is to reduce continuous collision of PT-RS even if cells are not coordinated. Therefore, it could be used for any case of spatial correlation. Another merit is to reduce overhead of PT-RS compared with orthogonal PT-RS. This method should be supported at least for DL. UL is FFS as we are not sure power boosting would be supported for UL.
Proposal 6:
For DL, PT-RS frequency position randomization should be supported. The frequency position should be differentiated by every slot for slot scheduling and by every mini-slot for mini-slot scheduling.



FFS: for UL CP-OFDM
Distributed PT-RS (non-consecutive subcarriers) in the frequency domain is used as default configuration [2]. In order to map PT-RS in a frequency-distributed manner, one candidate is to map PT-RS so that PT-RS frequency interval is constant like Figure 5. But in this way, the possibility of simultaneous collision of multiple PT-RS subcarriers is relatively high. We propose to divide the allocated bandwidth into multiple “PT-RS sub-bands” in which one PT-RS subcarrier can exist and hop.
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Figure 5 Simultaneous collision of multiple PT-RS subcarriers
For example, in Figure 6, PT-RS frequency density is indicated to be “1 subcarrier per 1RB” therefore size of PT-RS sub-band is 1RB. Then only 1 subcarrier of PT-RS exists in each PT-RS sub-band. Besides, each PT-RS can hop within PT-RS sub-band (cannot hop to other PT-RS sub-bands). As a result, it is avoided that PT-RS subcarriers are mapped in a frequency-localized manner and distributed PT-RS increase robustness against frequency selectivity. Also, the possibility of simultaneous collision of multiple PT-RS subcarriers is reduced.
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Figure 6 PT-RS Frequency position randomization using PT-RS sub-band
When PT-RS sub-bands are used, PT-RS frequency position (subcarrier index) and/or hopping offset can be determined by pseudo-random function with cell/group/UE ID, slot/mini-slot index and PT-RS sub-band index also.
Proposal 7:
In order to map PT-RS in a frequency-distributed manner, divide bandwidth into multiple “PT-RS sub-bands” in which one PT-RS subcarrier can exist and hop.
2.4 Phase noise model
RAN1 should use the phase noise model agreed in RAN4 [7-8] for the design of PT-RS. 
Proposal 8:
The phase noise model agreed in RAN4 [7-8] should be used for the design of PT-RS.
3 Conclusion
For DL SU-MIMO port association, we propose following:
Proposal 1:
Multiple PT-RS ports should be supported.

Proposal 2:
The number of PT-RS ports associated with each group of DMRS ports of same LO is at most one.
Proposal 3:
Within the DMRS port group of same LO, PT-RS port is associated with the fixed DMRS port, for example, the port with lowest index. The lowest index PT-RS port can be selected from each DMRS ports group allocated to each UE.


With respect to PT-RS power boosting, we observed following:
Observation 1:
For DL PT-RS, power boosting is naturally supported.
Observation 2:
For UL PT-RS, power boosting will require RAN4 consideration.
Observation 3:
If PT-RS is used for the other purpose than phase tracking, the indication of boosted power might be needed.


In order to mitigate PT-RS interference, we propose following:

Proposal 4: 
For DL, orthogonal multiplexing of PT-RS should be supported. The multiplexing method is by FDM same as to SU-MIMO case.
Proposal 5: 
For DL MU-MIMO, orthogonal multiplexing of PT-RS among UEs should be supported for the case of multiple LO in TX. The total number of multiplexing layers is up to the same number with SU-MIMO.
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Proposal 6:
For DL, PT-RS frequency position randomization should be supported. The frequency position should be differentiated by every slot for slot scheduling and by every mini-slot for mini-slot scheduling.



FFS: for UL CP-OFDM


 REF Prop_subband \h 

Proposal 7:
In order to map PT-RS in a frequency-distributed manner, divide bandwidth into multiple “PT-RS sub-bands” in which one PT-RS subcarrier can exist and hop.


With respect to phase noise model, we propose following:

Proposal 8:
The phase noise model agreed in RAN4 [7-8] should be used for the design of PT-RS.
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