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1. Introduction
During RAN1#89 and RAN1 NR Ad-hoc#2 meetings, following agreements were made.  
	Agreements [1]:
· For SU-MIMO, support predefined and RRC-configured association between PT-RS densities and scheduled MCS/BW

· FFS: RRC configuration can override the predefined association 

· Table 1 in R1-1709521 to represent association between PT-RS time density and scheduled MCS

· Table 2 in R1-1709521 to represent association between PT-RS 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 PT-RS include every 4th symbol, every 2nd symbol, and every symbol, while the frequency-densities (FD) of PT-RS 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 PT-RS is expected to increase with increasing the scheduled MCS (except for those reserved MCSs).

· The frequency density of PT-RS 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 PT-RS is expected to increase with increasing the scheduled MCS

Agreements [2]:
· 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 [2]:
· 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


In this contribution, we propose PT-RS frequency density table based on evaluation results, and equation for PRB location including PT-RS.
2. Discussion on UL PT-RS
Table 1 shows simulation setup, and all evaluation results follow that unless otherwise stated. 

Table 1. Simulation setup

	PN Model
	PN model 2 in [7]
	CFO
	0

	Carrier Frequency
	30 GHz
	# of Physical RBs
	32

	Subcarrier Spacing
	60kHz
	# of System RBs
	100

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

	Channel Estimation
	Ideal
	CPE Estimation
	Real


· PT-RS frequency density table
In this subsection, we provide PT-RS frequency density table based on evaluation results. 

In RAN1#89, it was agreed that the frequency-densities (FD) of PT-RS includes at least 1/2 and 1/4. We may consider the following exemplary table on frequency density, where frequency density is fixed per a given range of scheduled BW.
Table 2
	Scheduled BW
	Frequency density

	NRB <16
	1

	16<=NRB <32
	1/2

	32<= NRB 
	1/4


There exists a technical problem of Table 2 that the number of PT-RS subcarriers is decreased at the transition boundaries of frequency density. For example, when scheduled BW is 15 and 16, the corresponding numbers of PT-RS subcarriers are 15 and 8, respectively. In other words, this approach can make the number of PT-RS subcarriers for larger BW smaller than that for smaller BW. As shown in our companion contribution [3], the number of PT-RS subcarriers should be increased as allocated BW becomes large. Thus, the above table incurs unsuitable numbers of PT-RS subcarriers for certain BWs. For example, Figure 1 shows that 8 PT-RS REs in frequency outperforms 15 PT-RS REs in frequency for the 15 PRB case, which indicates that 15 PT-RS REs cause too high RS overhead. 
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Figure 1. Evaluation result
To resolve the issue, Table 2 can be modified to Table 3, where the value of Li is the number of PT-RS subcarriers per given BW range and Li>=Lj for i>j. By adopting this table, we can gradually increase the number of PT-RS REs in frequency as scheduled BW increases and can gradually decrease PT-RS density in frequency (i.e. PT-RS overhead) at the same time. 
Table 3
	Scheduled BW
	Frequency density

	NRB < BW1
	 1 or L1/NRB

	BW1≤ NRB < BW2
	L2/NRB

	…
	…

	BWN≤ NRB
	LN/NRB


Proposal 1: PT-RS frequency density table is defined as Table 3. 
Based on the evaluation results shown in Appendix, we provide exemplary tables for 60kHz and 120kHz subcarrier spacing as Table 4 and Table 5. 
Table 4  Frequency density table for 60kHz subcarrier spacing
	Scheduled BW
	Frequency density

	NRB < 4
	1

	4≤ NRB < 16
	4/NRB

	16≤ NRB < 48
	8/NRB

	48≤ NRB< 64
	12/NRB

	64≤ NRB
	16/NRB


Table 5 Frequency density table for 120kHz subcarrier spacing
	Scheduled BW
	Frequency density

	NRB < 4
	1

	4≤ NRB < 16
	4/NRB

	16≤ NRB < 48
	8/NRB

	48≤ NRB< 64
	12/NRB

	64≤ NRB
	16/NRB


In Table 4 and Table 5, the number of PT-RS subcarriers are determined a bit conservatively for some BWs at the expense of slight spectral efficiency loss. This is because smaller PT-RS subcarriers can be vulnerable to the puncturing if PT-RS is punctured when it collides with other RSs such as CSI-RS or SRS.

Here, it can be seen that these tables are the same, which indicates that PT-RS frequency density is independent of subcarrier spacing. Note that larger subcarrier spacing can reduce the ICI resulting from phase noise. However, these tables reveal that the ICI is not dominant to determine frequency density for given BW. 
Observation 1: PT-RS frequency density for given BW is independent of subcarrier spacing.
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Figure 2 Spectral efficiency for different PN mode with 60kHz and 8PRBs
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Figure 3 Spectral efficiency for different PN mode with 60kHz and 16PRBs
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Figure 4 Spectral efficiency for different PN mode with 60kHz and 31PRBs
[image: image5.emf]22 24 26 28 30 32 34 36

2

2.5

3

3.5

4

4.5

SNR(dB)

SE(bps/Hz)

60kHz, 64PRB, RANK=1, 256QAM(3/4)

 

 

PTRS=8

PTRS=12

PTRS=16

[5]

UE model in [6]

PN model 2 in [7]

[8]


Figure 5 Spectral efficiency for different PN models with 60kHz and 64PRBs
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Figure 6 Spectral efficiency for different PN models with 120kHz and 8PRBs
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Figure 7 Spectral efficiency for different PN models with 120kHz and 16PRBs
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Figure 8 Spectral efficiency for different PN models with 120kHz and 31PRBs
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Figure 9 Spectral efficiency for different PN models with 120kHz and 64PRBs
Meanwhile, Figure 3 ~ Figure 9 show that the optimal number of PT-RS subcarriers for different PN models are quite similar regardless of subcarrier spacings, although their spectral efficiencies are significantly different according to PN models. Accordingly, it is unnecessary to define different PT-RS frequency density tables according to PN models.
 Observation 2: The optimal frequency densities for different PN models are quite similar regardless of subcarrier spacings.
Based on observation 1 and 2, therefore, it can be seen that only one table is sufficient to represent PT-RS frequency density for different BWs. 
Proposal 2: Single table is sufficient to represent PT-RS frequency density for different BWs regardless of subcarrier spacings and phase noise models.
· Comparisons between two PT-RS frequency density tables
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Figure 10 PT-RS subcarriers for different PRBs with 60kHz
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Figure 11 PT-RS subcarriers for different PRBs with 120kHz
In Figure 10 and Figure 11, Table A and Table B stand for Table 4 and frequency density tables presented in [9], respectively. Then, these figures illustrate the number of PT-RS subcarriers based on Table A and Table B, respectively. Here, it can be seen that the number of PT-RS subcarriers for Table A is under bounded by that for Table B regardless of subcarrier spacing when the number of PRBs is less than 64.
In Figure 10, Table B displays the abrupt change of the number of PT-RS subcarrier at the transition boundaries of BW such as 8/32/64 PRBs, which results in inefficient PT-RS subcarriers for certain BWs. For example of 7 PRBs, the RS overheads of Table A and B are 4.76% and 8.33%, respectively, which can be inferred from Figure 2 and Figure 6. At that time, it should be noted that for the number of PT-RS ports being 4, their RS overheads are 19% and 33.3%, which indicates that Table B leads to additional 14.3% spectral efficient loss than Table A.
On the other hand, for Table B, the BW of 64 PRBs has the number of PT-RS subcarriers of 8, while that of 63 PRBs has the number of PT-RS subcarriers of 16. For PT-RS subcarriers of 8, Figure 5 and Figure 9 show that there is 1.8dB performance loss for PN model in [6], while the other PN models produce slight performance loss. In order to avoid to determine the number of PT-RS subcarriers according to PN models, it is better to choose the number of PT-RS subcarriers of 16 for 64PRBs.

Accordingly, we can see that Table A is more efficient than Table B from RS overhead and consistency with different PN models perspective.
Observation 3: RS overhead of the proposed PT-RS frequency density table is under bounded by that of frequency density tables presented in [9] regardless of subcarrier spacings, while the former provides the better spectral efficiency than the latter regardless of phase noise models.
· PRB location including PT-RS

In this subsection, we propose an equation for PRB location including PT-RS.
When the frequency density is defined by Table 3 and the density is less than one, there is an ambiguity as to which PRB has the PT-RS. To resolve the issue, we propose to use following equation for the PRB index
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Equation 1. PRB location of PT-RS
Here, 
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 represents PRB offset value. Equation 1 can make the number of PT-RS subcarriers to be consistent at the transition boundaries of BW, and the FD keeps decreasing as scheduled BW increases. Based on Equation 1 with 
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, Figure 12 illustrates PT-RS frequency pattern where PRB offset value 
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 is set to zero for simplicity. It should be noted that this table also supports the agreed frequency density value of 1/2 for 8 PRBs.
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Figure 12. PT-RS locations
Accordingly, we can see that Equation 1 resolves the issues while satisfying principles that FD keeps decreasing as scheduled BW increases, and PT-RS subcarriers are uniformly distributed as much as possible. 
Proposal 3: Based on the proposed PT-RS frequency density table, PRB index 
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where 
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denotes PRB offset value. 
· Non-consecutive scheduling
In the previous meeting, it was agreed to study how to handle mapping PTRS in case of non-consecutive scheduling for CP-OFDM where two alternatives are given by PRBs based or VRBs based. By exploiting Equation 1 based on VRBs, we can easily resolve the non-consecutive scheduling issue. In Figure 13, (a) illustrates the non-consecutive scheduled BW to a UE, while (b) represents VRBs. By applying Equation 1 to (b), all PT-RS subcarriers can be distributed within the allocated BW without lost PT-RS. Note that the number of PT-RS subcarriers is determined by the actual allocated BWs such as 8PRBs rather than 14PRBs.
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Figure 13 Non-consecutive scheduling
Observation 4: For non-consecutive scheduling of BW, all PT-RS subcarriers can be distributed within the allocated BW without lost PT-RS by applying the proposed equation for PRB location including PT-RS to VRB.
3. Conclusion
In this contribution, we discussed PT-RS frequency density table based on evaluation results, and equation for PRB location including PT-RS. From the discussion, our observations and proposals are as follows:
Observation 1: PT-RS frequency density for given BW is independent of subcarrier spacing.
Observation 2: The optimal frequency densities for different PN models are substantially similar.

Observation 3: RS overhead of the proposed PT-RS frequency density table is under bounded by that of frequency density tables presented in [9] regardless of subcarrier spacings, while the former provides the better spectral efficiency than the latter regardless of phase noise models. 

Observation 4: For non-consecutive scheduling of BW, all PT-RS subcarriers can be distributed within the allocated BW without lost PT-RS by applying the proposed equation for PRB location including PT-RS to VRB.
Proposal 1: PT-RS frequency density table is defined as following:
	Scheduled BW
	Frequency density

	NRB < BW1
	 1 or L1/NRB

	BW1≤ NRB < BW2
	L2/NRB

	…
	…

	BWN≤ NRB
	LN/NRB


where the value of Li is the number of PT-RS subcarriers for given BW and Li>=Lj for i>j.
Proposal 2: Single table is sufficient to represent PT-RS frequency density for different BWs regardless of subcarrier spacings and phase noise models.
Proposal 3: Based on the proposed PT-RS frequency density table, PRB index 
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where 
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denotes PRB offset value. 
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5. Appendix

In these simulations, we assume that there is single UE with one DMRS port. In addition, PT-RS time density is every symbol.  Moreover, we follow the simulation setup in Table 1.
· 60kHz
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· 120kHz
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