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1 Introduction

In RAN1#87, the following were agreed [1][2]:
· RS for Phase tracking is denoted as PT-RS

· FFS: Naming of RS
· PT-RS supports the following for CP-OFDM: 

· Time-domain density of mapped on every other symbol and/or every symbol and/or every 4-th symbol
· FFS: Whether/how to down-select the time-domain density

· Note: Other time-domain densities of PT-RS are not precluded

· At least for UL 

· The presence of PT-RS is UE-specifically configured

· FFS: Whether implicit and/or explicit UE-specific configuration is supported

· PT-RS is confined in the scheduled time/frequency duration for a UE

· FFS: UE-specific and/or non-UE-specific and/or cell-specific for DL

· The following are to be studied for PT-RS:

· Number of PT-RS ports to be supported

· Use of precoding 

· QCL relationship with other RS, e.g., DM-RS 

· Details on frequency domain pattern(s) and/or variable frequency domain densities

· Whether PT-RS is necessary for DFT-s-OFDM waveform

· Sharing of time/frequency resource between PT-RS among UEs and/or among layers of a single UE

· Additional usage for estimating residual frequency offset and/or high-speed channel

· Possible method(s) to improve phase estimation performance from PT-RS

· E.g., using ZP/NZP PT-RS to reduce interference 

· Details of UE-specific configuration, e.g., associated with the scheduled MCS and/or BW, the number of scheduled layers, or use dedicated signaling

· Others are not precluded

· FFS whether new RS is introduced or extended DMRS is used for phase tracking
Based on the progress made in RAN1#87, in this paper, we discuss further details for PT-RS design. The evaluation assumptions follow [3], while specific choices will be given along with the results. The phase noise models used are denoted as PN#1/2/3 with the same order as in [4]. 
2 Further details on the design of PT-RS
In this section, we provide our views on UE-specific configuration, time/frequency domain density/pattern, and forward compatibility, targeting but not limited to single-layer transmission. 
2.1 UE-specific configuration
As mentioned above, it is agreed to adopt UE-specific configuration for PT-RS for at least UL. To minimize cell-specific always-on signal and not require UE to detect signals outside the scheduled BW, such UE-specific configuration is also preferred for DL. 
To save the signaling overhead, implicit indication for the presence of PT-RS is preferred. As illustrated in Figure 1, whether to schedule PT-RS or not can be associated with MCS and BW. One example is PT-RS is mapped automatically when the scheduled MCS and/or BW is/are above certain thresholds. 
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Figure 1 SE with and without phase noise compensation (PNC) with different frequency-domain patterns [every symbol]
2.2 Time-domain density
As shown in Figure 2, in RAN1#87, three time-domain densities are listed and FFS whether/how to down select. As indicated in Figure 3, to improve the performance of high-order modulation, the time-domain density better to be no sparser than every 2nd symbol. In terms of spectrum efficiency, the option of every 4th symbol does not provide much additional value on top of every symbol and every 2nd symbol.
To reduce signalling overhead, the indication of time domain density can be associated with numerology. For example, for the 30 GHz band, {every symbol, every 2nd symbol} can be associated with {60, 120} kHz subcarrier spacing, respectively. The time domain density can also be associated with MCS, e.g., if the MCS is above a threshold, the time-domain density is by default increased on one level. 
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Figure 2 Listed options for time domain density
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Figure 3 SE with and without phase noise compensation (PNC) with different time-domain densities [ideal estimation]
2.3 Frequency-domain pattern
For frequency domain pattern, as shown in Figure 1, when a large number of RBs are scheduled, using a fixed density will lead to degraded spectrum efficiency, as a large number of RS is not needed for estimating common phase error (CPE) and brings large overhead. Therefore, the number of subcarriers for PT-RS scheduled for each transmission should be upper bounded, by e.g., 8. 
The exact number of subcarriers allocated for PT-RS can be implicitly indicated by predefined rules associated with scheduled BW, by using e.g. {4, 6, 8} subcarriers for above {8, 16, 32} RBs, respectively. This association can also be extended to the scheduled MCS. To cope with frequency-selective fading, the subcarriers for PT-RS can be evenly distributed in the scheduled BW.

2.4 Forward compatibility
If the association rules (e.g., MCS/BW thresholds mentioned above) are hardcoded in specs, it is not flexible and not forward compatible. After years, the fabrication methods can be improved and the price of currently expensive oscillators may fall into an acceptable range, leading to reduced phase noise, the previously defined MCS/BW thresholds are then no longer effective. 
To provide forward compatibility, the association rules of implicit indication for the presence and configuration of PT-RS, e.g., MCS/BW thresholds, should not be hardcoded in Specs, and high-layer signalling to update such association rules should be supported. 

To summarize this section, we have the following observations and proposals:
Observation 1: The number of subcarriers used for PT-RS for each transmission should be upper-bounded. 

Proposal 1: For both UL and DL, the presence of PT-RS is UE-specifically configured, and confined in the scheduled time/frequency duration.

Proposal 2: Support implicit indication for the presence and time/frequency patterns of PT-RS, associated with numerology/MCS/BW, where the association rules can be configured by high-layer signalling, enabling forward compatibility.

3 More considerations for multi-layer transmission

In this section, we provide our views on the port multiplexing and precoding for PT-RS, and QCL relationship with DM-RS, mainly for multi-layer transmission. 
3.1 Port multiplexing
With PT-RS evenly distributed in the frequency domain, orthogonal port multiplexing can be achieved by using different mapping offsets. With relatively high density in time domain, the port multiplexing of PT-RS needs to take extra attentions on the associated overhead. 
The 1st option for reducing overhead of PT-RS is to utilize non-orthogonal multiplexing. As discussed before, PT-RS is needed mostly for high MCS, i.e., for UEs with good channel quality and sufficient spatial isolation. In addition, at this stage, PT-RS mainly serves for CPE estimation, which is only a scalar, with which the interference from PT-RS/data mapped on same REs of neighbouring layers are much less influential. For these reasons, non-orthogonal port multiplexing appears promising for PT-RS. With both orthogonal and non-orthogonal multiplexing, semi-static adjustment on the level of orthogonality for PT-RS is also of interests, further balancing between overhead and performance. 
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Figure 4 Illustration of non-orthogonal multiplexing of PT-RS
Secondly, for one UE with multiple TXRUs initiated by the same oscillator, the experienced phase noise can be the same or highly correlated across layers. In this case, only one PT-RS port is needed, and the estimated CPE can be used for phase tracking on all scheduled layers. Thus, designing a smaller number of PT-RS ports as compared with DM-RS can be another method to mitigate the overhead of PT-RS. Note that this subjects to further development on CW to layer mapping. 
3.2 Use of precoding
As it also serves for data demodulation, the precoding for PT-RS can be either the same or different from DM-RS. If the same precoding is used, based on the channel estimates obtained from DM-RS, PT-RS is only to serve for phase tracking and correction. In this case, the precoding granularity of DM-RS and PT-RS are the same. This approach can be taken as a baseline and default assumption, with which DM-RS and PT-RS are basically QCLed. 
Another alternative is to use different precoding and granularity for PT-RS and DM-RS. For example, wide/multi-direction beams can be used to transmit PT-RS, targeting to be received by multiple UEs, enabling resource sharing and overhead reduction. For this case, (at least part of) PT-RS needs to be able to perform channel equalization and then CPE estimation and tracking. Moreover, extra indication is needed to inform whether the precoding used by PT-RS is same as DM-RS or not, possibly by QCL signalling. For these reasons, despite the expected benefits, this approach still requires further study. 
3.3 QCL relationship
As discussed before, we expect PT-RS to be transmitted with a smaller number of orthogonal ports as compared with DM-RS. For this end, pre-defined or semi-static indication of QCL relationship between DM-RS and PT-RS is needed to inform the correspondence between them, removing the ambiguity that for a given DM-RS port, which PT-RS port is used to estimate CPE, assuming spectrally confined CP-OFDM is used.
To summarize this section, we have the following observations and proposals:
Proposal 3: Support non-orthogonal multiplexing within PT-RS ports and with data. 

Proposal 4: For a given UE, allow for scheduling of a less number of ports for PT-RS than DM-RS.

Proposal 5: Support using the same precoding for PT-RS and DM-RS as baseline. 
Proposal 6: Study necessity and feasibility of using different precoding for PT-RS and DM-RS.
Proposal 7: Study pre-defined and/or semi-static indication of QCL relationship of DM-RS and PT-RS.

4 Summary of proposals and observations
The observations and proposals made in this paper are summarized as follows:
Observation 1: The number of subcarriers used for PT-RS for each transmission should be upper-bounded. 

Proposal 1: For both UL and DL, the presence of PT-RS is UE-specifically configured, and confined in the scheduled time/frequency duration.

Proposal 2: Support implicit indication for the presence and time/frequency patterns of PT-RS, associated with numerology/MCS/BW, where the association rules can be configured by high-layer signalling, enabling forward compatibility.

Proposal 3: Support non-orthogonal multiplexing within PT-RS ports and with data. 

Proposal 4: For a given UE, allow for scheduling of a less number of ports for PT-RS than DM-RS.

Proposal 5: Support using the same precoding for PT-RS and DM-RS as baseline. 

Proposal 6: Study necessity and feasibility of using different precoding for PT-RS and DM-RS.

Proposal 7: Study pre-defined and/or semi-static indication of QCL relationship of DM-RS and PT-RS.
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