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1. Introduction
In RAN1 #88, it was agreed that presence/patterns of PT-RS are configured by a combination of RRC signalling and association with parameter(s) used for other purposes (e.g., MCS) which are (dynamically) indicated by DCI. In RAN1 #88bis, it was agreed that orthogonal multiplexing among PT-RS ports are supported for single user case. 
	Agreements: [RAN 1 #88]
· 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.
Agreements: [RAN 1 #88bis]
· For CP-OFDM, the same PT-RS to RE mapping and PT-RS densities in time and frequency are available for DL and UL 

· Distributed PT-RS (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 PT-RS ports, if multiple PT-RS antenna ports are supported.

· FFS: how to multiplex multiple PT-RS ports, e.g. FDM, TDM, CDM

· FFS: Whether to support multiple PT-RS ports or not (FFS: Max number of PT-RS APs).

· Support orthogonal multiplexing between PT-RS and data transmitted or received by a single UE.

· For MU-MIMO, non-orthogonal multiplexing of e.g. PT-RS/PT-RS and PT-RS/data is possible but also orthogonal multiplexing to be considered

· FFS: Support multiplexing through multiple scrambling sequences for PT-RS port(s) 

· Support association between PT-RS port and DMRS port group


In this contribution, we first show evaluation results on PT-RS time density according to allocated MCS and BW, and provide our observations and proposals based on the results. Also, we discuss non-orthogonal multiplexing between PT-RS and PT-RS (or data) and collision between PT-RS and SRS.
2. Evaluation Results
In this section, Table 1 shows simulation setup, and all simulation results follow that unless otherwise stated. Also, the PT-RS is uniformly distributed in given PRBs. 
Table 1. Simulation setup

	PN Model
	PN model 2 in [1]
	CFO
	0

	Carrier Frequency
	30 GHz
	# of Physical RBs
	2/4/8/16/32

	Subcarrier Spacing
	60kHz
	# of System RBs
	100

	Channel
	CDL-C(30ns, 3km/h)
	Modulation &  Code Rate
	64QAM(3/4, 5/6), 

256QAM(3/4)

	Channel Estimation
	Ideal
	CPE Estimation
	Real


In what follows, we adopt the following PT-RS patterns illustrated in Figure 1. Moreover, the number of PT-RS subcarriers for 2, 4, 8, 16, and 32PRBs are given by 2, 4, 4, 8, and 16, respectively. It should be noted that ‘SNR’ includes analog beamforming gain in the following figures.
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Figure 1 PT-RS patterns

· PT-RS density in the time domain 
In RAN1 #87, it was agreed that for CP-OFDM, time-domain density mapped on every other symbol and/or every symbol and/or every 4-th symbol is supported. In this subsection, we discuss spectral efficiency performance for different PT-RS time patterns according to allocated MCS and BW.
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Figure 2  32PRBs
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Figure 3  16PRBs
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Figure 4  8PRBs
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Figure 5  4PRBs
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Figure 6  2PRBs

Table 2 Optimal PT-RS time patterns for given BW and MCS

	MCS 
BW (PRBs)   
	64QAM (3/4) 

(SNR<=22dB)
	64QAM (5/6) (22dB<SNR<=26dB)
	256QAM (3/4) 

(SNR>26dB)

	32
	Pattern #1
	Pattern #1
	Pattern #1

	16
	Pattern #2
	Pattern #2
	Pattern #1

	8
	Pattern #2
	Pattern #2
	Pattern #1

	4
	Non-PT-RS
	Non-PT-RS
	Pattern #2

	2
	Non-PT-RS
	Non-PT-RS
	Pattern #2


We summarize the results from Figure 2 ~ Figure 6 to Table 2. In the table, the optimal PT-RS time patterns are given for given BW and MCS. Here, it can be seen that for 64QAM, pattern #2 shows better spectral efficiency than pattern #1 for BW less than or equal to 16PRBs. Even in the case of 256QAM, it provides better spectral efficiency for BW less than or equal to 4PRBs. On the other hand, pattern #1 achieves better spectral efficiency for 32PRBs for 64QAM. These results are because spectral efficiency is less sensitive to phase noise in the case of smaller PRB size or lower MCS.
Observation 1: In the case of 64QAM, pattern #2 shows better spectral efficiency than pattern #1 for BW less than or equal to 16PRBs, while pattern #1 provides better spectral efficiency for 32PRBs.
Observation 2: In the case of 256QAM, pattern #2 shows better spectral efficiency than pattern #1 for BW less than or equal to 4PRBs, while pattern #1 provides better spectral efficiency for BW larger than or equal to 8PRBs.
Meanwhile, in RAN1 #88bis, it was agreed that orthogonal multiplexing among PT-RS ports are supported for single UE. In this case, RS overhead is increased by a multiple of the number of PT-RS ports. At that time, pattern #2 can reduce RS overhead in half compared to pattern #1. Accordingly, pattern #2 should be considered as a baseline, while pattern #1 can be used for large BW or very high MCS.
Proposal 1: It should be supported that PT-RS time pattern can be adapted by allocated MCS and BW.
· Dynamic presence according to allocated BW
In this subsection, we discuss spectral efficiency performance according to whether PT-RS exists or not for different allocated BW.

From Table 2, for 2/4PRBs and 64QAM, non CPE compensation provides better spectral efficiency than CPE compensation for any PT-RS time patterns. This is due to the fact that for PRB=2, only single codeblock is defined in a codeword, and it spreads out in the subframe, which relieves phase noise impact.

Observation 3: For 2/4PRBs and 64QAM, non CPE compensation provides better spectral efficiency than CPE compensation for any PT-RS time patterns.

On the other hand, PT-RS overhead becomes larger as allocated BW becomes smaller.
For example, for 32 PRBs with PT-RS occupying 16 subcarriers and for 2 PRBs and PT-RS occupying 2 subcarriers, their PT-RS overhead are equal to 4.17% and 8.33%, respectively. Accordingly, it should be supported that the dynamic presence can be determined by allocated BW as well as MCS.
Proposal 2: Dynamic presence of PT-RS should be determined by allocated BW as well as MCS. 
3.  Other open Issues
· Non-orthogonal multiplexing between PT-RS and PT-RS (or data)
In this subsection, we discuss non-orthogonal multiplexing between PT-RS and PT-RS (or data).
In Equation 1, we assume that there are UE A and UE B where each UE uses single layer. For simple analysis, noiseless and ICI free condition is assumed. Then, it shows that gNB separates received signal from 4th OFDM symbol by each layer through zero forcing filter obtained by front loaded DMRS (3th OFDM symbol), as plotted in Figure 1.
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Equation 1 
Here, the variables 
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 denote effective channel gain, received signal, data, PT-RS, and CPE value, respectively. In addition, 
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denote gNB Rx port index, OFDM symbol index, and UE index, respectively.
From Equation 1, we can check that CPE values of different layers are separated by each layer. In this case, UE A can estimate CPE value 
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 regardless of whether PT-RS or data is transmitted for UE B. Accordingly, this analysis shows that PT-RS transmission can be done transparently with multiplexed signal for other UEs, which enables MU transparent PT-RS operation. 

Proposal 3: For at least UL, non-orthogonal multiplexing between PT-RS and PT-RS (or data) should be supported between different UEs. 

· Collision between PT-RS and SRS 

In this subsection, we discuss collision between PT-RS and SRS for UL. Since SRS can occupy multiple symbols and the symbol location is configurable, there can be colliding REs between PT-RS and periodic/semi-persistent/aperiodic SRS. In case of collision, allowing RE position shifting of PT-RS may be beneficial especially for pattern #2. PRB position shifting can also be considered if partial band SRS is transmitted. In addition, priority rule(s) for dropping one RS would be needed when configured/indicated SRS and PT-RS resources are overlapped. 
Proposal 4: The collision between PT-RS and SRS should be studied.
· Power boosting of PT-RS
In the previous meeting, it was agreed to support orthogonal multiplexing between PT-RS and data transmitted or received by a single UE, i.e., PT-RS REs and data REs will not be overlapped from SU perspective. Depending on PT-RS port to DMRS port group mapping, therefore, power boosting of PT-RS needs to be defined. If a PT-RS port is mapped to M DMRS ports, where the total number of DMRS ports N is greater than M, PT-RS power can be boosted by N/M to use maximum available Tx power per RE regardless of the number of DMRS ports and mapping of PT-RS to DMRS. 

Proposal 5: Define power boosting of PT-RS according to PT-RS port to DMRS port group mapping. 
4. Conclusion
In this contribution, we discussed PT-RS time density according to allocated BW based on evaluation results. From the discussion, our observations and proposals are as follows:
Observation 1: In the case of 64QAM, pattern #2 shows better spectral efficiency than pattern #1 for BW less than or equal to 16PRBs, while pattern #1 provides better spectral efficiency for 32PRBs.
Observation 2: In the case of 256QAM, pattern #2 shows better spectral efficiency than pattern #1 for BW less than or equal to 4PRBs, while pattern #1 provides better spectral efficiency for BW larger than or equal to 8PRBs.
Observation 3: For 2/4PRBs and 64QAM, non CPE compensation provides better spectral efficiency than CPE compensation for any PT-RS time patterns.

Proposal 1: It should be supported that PT-RS time pattern can be adapted by allocated MCS and BW.
Proposal 2: Dynamic presence of PT-RS should be determined by allocated BW as well as MCS. 
Proposal 3: For at least UL, non-orthogonal multiplexing between PT-RS and PT-RS (or data) should be supported between different UEs. 

Proposal 4: The collision between PT-RS and SRS should be studied.
Proposal 5: Define power boosting of PT-RS according to PT-RS port to DMRS port group mapping. 
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