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1
Introduction
During the RAN1 NR AH#2 meeting, the following agreements on the design of PT-RS were 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

Agreement: Study further how to handle PT-RS collision with CSI-RS

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 discuss and present our views on the remaining open issues on PT-RS design for CP-OFDM waveform.  
2
On PT-RS density and RE mapping 
2.1 

PT-RS Frequency Domain Density
Though several PT-RS densities have been proposed, too much densities may introduce unnecessary overhead, and the gain from the optimization is also marginal. For simple implementation without bit performance loss, we propose to use only one frequency domain density, which is one PT-RS subcarrier in every 2nd RB. 
We have also agreed to study PT-RS mapping for non-consecutive RB scheduling in frequency, whether to map based on PRB or VRB. RAN1 have agreed to use 2,4,8 and 16 PRB as RBG sizes, and if we agreed to use one subcarrier in every 2nd RB, there is no case that non-adjacent PRBs share the same PT-RS.

Proposal 1: For CP-OFDM, PT-RS is transmitted via one subcarrier in every 2nd RB within a scheduled BW, when configured, with at least one PT-RS RE used in a RBG. 

[image: image1.emf]
Figure 1. Proposed frequency domain density of PT-RS for each DM-RS configuration type.

2.2 

PT-RS Time Domain Density

NR slot is composed of upto 14 symbols, and usually at least 2 symbols should be used for PDCCH and DMRS symbols. Therefore, the maximum number of available symbols for data is 12. In addition, if the slot includes both DL and UL part, at least 2 more symbols should be used for GP and UL control channel like NR-PUCCH or SRS. Moreover, even with DL-only slot, possible transmission of CSI-RS can reduce the number of available symbols for PT-RS. In that sense, 10 symbols or less are mainly possible to be used for PT-RS transmission. Then, PT-RS in every 4th symbol is not so promising configuration to be supported. For simplicity, time-domain patterns with PT-RS mapped on every OFDM symbol or every 2nd OFDM symbol are enough to be supported for every case. The density should be configurable for each UE with higher-layer signaling. 

If multiple subcarrier spacings are used for one UE in a TRP, PT-RS time-domain parameters can be configured separately for each subcarrier spacing.

 Proposal 2: For CP-OFDM, NR supports UE-specifically configurable PT-RS time-domain pattern with

· One RE in every OFDM symbol , in every 2nd OFDM symbol and No PT-RS
· ptrsthMCS1 and ptrsthMCS2 are configured by RRC configuration based on the deployment and UE capability.
· For different subcarrier spacing options, ptrsthMCS1 and ptrsthMCS2 can be configured differently
	Scheduled MCS (IMCS)
	Time density(
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	IMCS < ptrsthMCS1 
	No PT-RS

	ptrsthMCS1 <= IMCS < ptrsthMCS2
	2

	ptrsthMCS2 <= IMCS 
	1


2.3 

PT-RS Configuration and Signaling

As agreed in RAN1 #89, a baseline operation, the dynamic presence of PT-RS, when enabled by RRC configuration, in downlink/uplink transmission is implicitly determined at receiver based on user/group-specific QCL assumption of DM-RS port with PDSCH/PUSCH, carrier frequency, sub-carrier-spacing (SCS) and scheduled PRB as well as MCS configuration. By leveraging of this information, UE/eNB can derive antenna port specific PT-RS pattern association rules without additional signalling information. 

Such baseline operation can be complemented on-need-basis, by optional complementing UE-specific explicit signalling information which is used to provide additional information related to PT-RS antenna port resource mapping obtained via implicit signalling. This additional signalling may comprise e.g.:

· explicit signalling for re-adjustment of PT-RS pattern time and/or frequency domain density parameters w.r.t. those given by the implicit indication. For example, one bit re-adjustment signalling would enable to increase the density in time/frequency.

· explicit signalling of a re-adjustment value to be used for offsetting the default minimum threshold values of scheduled BW and/or scheduled MCS that are used to implicitly determine if PT-RS is present or not.

· explicit signalling of PT-RS transmission regardless of the pre-defined condition .

Based on the above discussion we make the following observations and proposals:

Proposal 3: NR supports complementing UE-specific dynamic signaling (e.g. DCI) for
· Re-adjustment of PT-RS pattern time and/or frequency domain density parameters 
· Explicit indication of PT-RS transmission regardless of default configuration
· FFS: Forword compatible options 
3
On PT-RS Multiplexing and DM-RS port mapping
Based on the agreement in RAN1 #89, PT-RS should not be overlapped with CSI-RS, SRS and SS block. In this case, since PT-RS is more of a complementary RS, and especially in higher frequency, frequency multiplexing of data and such RS is not the dominant usage. For these reasons, if such overlapping happens, puncturing of PT-RS is preferred. 

Proposal 4: PT-RS should be punctured if its position is collided with other RSs such as CSI-RS, SRS and SS block.    

It has been agreed that orthogonal multiplexing among multiple PT-RS ports as well between PT-RS port(s) and data will be supported for CP-OFDM in SU-MIMO case. Moreover, it has also been agreed to support association between a PT-RS port and a group of DM-RS ports sharing a common oscillator source. Therefore, for SU-MIMO the number of PT-RS ports to be multiplexed will depend on the transmission rank and the number of different associated DM-RS port groups. In addition, since there is clear gain from PT-RS port rotation compared to its complexity. In addition, it can be implemented by scheduling without specification support, we propose to use fixed association as baseline. 

Proposal 5: If one DL PT-RS port is configured for a DL DM-RS port group, the DL PT-RS port is associated with the lowest DL DM-RS port in the DL DM-RS port group, and precoded the same as the associated DM-RS port.
4
On PT-RS Sequence Desgin

There have been discussions on possible power boosting options of PT-RS at the previous meeting. However, because PT-RS has been agreed to be frequency multiplexed with data, PT-RS power boosting is not easy to be applied otherwise there are many muted REs in the corresponding symbols. In case that orthogonal PT-RSs are allocated to an UE, according to the number of PT-RSs, PT-RS can be power boosted, (e.g. 3dB for 2 PT-RS ports, 4.77dB for 3 PT-RS ports etc). However, such cases are valid only when multiple TRPs/panels are involved to the transmission, and PT-RS power boosting is not applicable in many cases. Thus, in order to enhance the PT-RS performance, we should consider the way to improve the PT-RS transmission power. 
Different from DM-RS, PT-RS is not front-loaded and not required to be demodulated earlier. In addition, PT-RS is more relavant to the estimation of the phase rotation than the amplitude, therefore there is no strong necessity to use QPSK constellation only. In addition, the required phase tracking capability is tightly related to the scheduled MCS because the the EVM requirement is higher for higher order modulation (17.5% to 3.5%). Since PT-RS is fully multiplexed with data, it is natural to share the same constellation points with data in terms of signal statistics. Moreover, since PT-RS is not a random signal, we can simply choose only the largest constellation points, (i.e. outer-most constellation points) for PT-RS transmission, which can provide better SNR than QPSK-based sequence. Table 1 shows the SNR gain from using outer-most constellation points (OMCP) over using QPSK sequence only. For different modulation order, 2.55-5.07 dB of SNR gain can be achieved. The evaluation showed good performance gain of the proposed scheme when it is applied to DFT-s-OFDM [2]
Though different amplitudes should be applied for using the outer-most constellation point according to the modulation order used, phase of the constellation points are maintained regardless of the modulation order. We can simply introduce an amplitude scaling factor to be aligned with each modulation scheme. 
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Figure 2. Illustration of the outer-most constellation points usage for PT-RS sequence (assuming 16-QAM).

[image: image4]
Figure 3. Comparison of the amplitude of the outer most constellation points for different modulation schemes
Table 1. Power gain of using outer-most constellation over QPSK based-sequence

	
	QPSK
	16QAM
	64QAM
	256QAM
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	1.8
	2.33
	3.2

	Amplitude scaling factor
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	Power Gain (dB)
	0
	2.55
	3.68
	5.07

	Required EVM(%)
	17.5%
	12.5%
	8%
	3.5%


Proposal 6: NR PT-RS should utilize the outer-most constellation points for its sequence to improve the phase estimation performance
5
Conclusions

The observations and proposals made in this paper are summarized as follows: 

Proposal 1: For CP-OFDM, PT-RS is transmitted via one subcarrier in every 2nd RB within a scheduled BW, at least one PT-RS RE is used in a RBG.

Proposal 2: For CP-OFDM, NR supports UE-specifically configurable PT-RS time-domain pattern with

· One RE in every OFDM symbol , in every 2nd OFDM symbol and No PT-RS

· ptrsthMCS1 and ptrsthMCS2 are configured by RRC configuration based on the deployment and UE capability.
· For different subcarrier spacing options, ptrsthMCS1 and ptrsthMCS2 can be configured differently
	Scheduled MCS (IMCS)
	Time density(
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	No PT-RS

	ptrsthMCS1 <= IMCS < ptrsthMCS2
	2

	ptrsthMCS2 <= IMCS 
	1


Proposal 3: NR supports complementing UE-specific dynamic signaling (e.g. DCI) for
· Re-adjustment of PT-RS pattern time and/or frequency domain density parameters 

· Explicit indication of PT-RS transmission regardless of default configuration
· FFS: Forword compatible options 

Proposal 4: PT-RS should be punctured if its position is collided with other RSs such as CSI-RS, SRS and SS block.
Proposal 5: If one DL PT-RS port is configured for a DL DM-RS port group, the DL PT-RS port is associated with the lowest DL DM-RS port in the DL DM-RS port group, and precoded the same as the associated DM-RS port.
Proposal 6: NR PT-RS should utilize the outer-most constellation points for its sequence.
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