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1. Introduction
In RAN1#90 and RAN1 AH#3, following agreements and working assumptions were made with respect to PT-RS and QCL. 
	Working assumption:[1]
· PT-RS frequency density table for 60 and 120 kHz SCS

· The listed BW thresholds are only for the predefined (default) table.

· As agreed before, the BW thresholds (N_RBi,i=1,…) in this predefined table can be replaced by RRC configuration 

· If frequency density is 1/n, then every n:th RB in the scheduled BW carry a PTRS port

· FFS on RB location offset in steps of one RB

Contiguous Scheduled BW
Frequency density (1/n)
NRB < [3 or 1]
No PT-RS
[3 or 1]≤  NRB < [5]
[1]
[5]≤  NRB < [10]
[1/2]

[10]≤  NRB < [15]
[1/3]
[15]≤ NRB
1/4
· FFS; the case of non-contiguous resource allocation

· FFS: bracketed values to be decided
Agreements:[1]
· For DL, if one PT-RS port is configured for an DM-RS port group, 

· For 1 CW case, the PT-RS port is associated with the lowest DM-RS port index among the ports assigned to the DMRS port group for PDSCH demodulation.

· For 2 CW case, down-selected between

· Alt.1: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS.

· If MCS of the 2 CWs is the same, CW 0 is selected

· Alt.2: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation (across both CWs)

· FFS: UE can provide some information to facilitate gNB to map the PT-RS port onto the layer with higher received SINR.

· FFS: information details, e.g. signaling carried by MAC-CE or UCI, UL signal e.g. SRS

· FFS: Which subcarrier to be used for PTRS mapping in RB assigned to contain PTRS.
Agreements:[1]
· Support the QCL indication of DM-RS for PDSCH via DCI signaling:

· The N-bit indicator field in the agreed WF R1-1714885 is extended to support:

· Each state refers to one or two RS sets, which indicates a QCL relationship for one or two DMRS port group (s), respectively

· Each RS set refers to one or more RS(s) which are QCLed with DM-RS ports within corresponding DM-RS group

· Note: The RSs within a RS set may be of different types

· If there are more than one RS per RS set, each of them may be associated with different QCL parameters, e.g. one RS may be associated with spatial QCL while another RS may be associated with other QCL parameters, etc

· Configuration of RS set for each state can be done via higher layer signaling

· E.g., RRC/RRC + MAC CE

· FFS the timing when the QCL is applied relative to the time of the QCL indication. 
Agreement:[2]
· The subcarrier for which the PTRS associated with a certain DMRS port is mapped is the same in all RBs where PT-RS is present 
· The maximum number of DL PT-RS ports is the same as the number of DMRS groups per PDSCH, which is 2 in Rel-15

· The subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port, consider further these alternatives until Wednesday: 
· Alt.1 Fixed to smallest subcarrier index k 
· Alt.2 Default is fixed to largest subcarrier index k. Can be configured to other subcarriers by higher layer signalling. 
· Alt.3a Implicitly given by Cell ID 
· Alt.3b Implicitly given by another UE specific parameter (DMRS/PT-RS scrambling ID (if defined), C-RNTI,…)
· Alt.4 Each DMRS port maps PT-RS to a different subcarrier by a specified rule 
Agreement:[2]
For mapping of PT-RS to RBs among the scheduled RBs for DL and UL: The no RB offset (=0, PT-RS is present in the scheduled RB with lowest RB index and then follows the pattern according to the PT-RS freq. density) is the default value if supported. Down-selection among the following alternatives in RAN1#90bis:

· Alt.1: RB offset is fixed (e.g., RB offset=0) in Rel. 15
· Alt.2: RB offset is determined based on UE-specific configuration 
· FFS default RB offset is needed
· FFS the RB offset is explicitly signaled via higher layer signaling or implicitly determined based on the UE specifically configured parameter (e.g., C-RNTI, SCID) 
· Companies are encouraged to provide evaluation results for next meeting to assess whether higher layer configuration of RB offset is beneficial for interference randomization


2. Discussion on PT-RS 
2.1. PT-RS frequency density table 
In the previous meeting, there was a working assumption on PT-RS frequency table as 
Table 1 PT-RS frequency density table

	Contiguous Scheduled BW
	Frequency density (1/ KPTRS)

	NRB < [3 or 1]
	No PT-RS

	[3 or 1]≤  NRB < [5]
	[1]

	[5]≤  NRB < [10]
	[1/2]

	[10]≤  NRB < [15]
	[1/3]

	[15]≤ NRB
	1/4


In Table 1, frequency 1/KPTRS indicates that every KPTRS -th RB in the scheduled BW carries a PTRS port. Here, frequency density of 1/3 was not agreed but newly added to reduce the discrepancy issue of PT-RS overhead at boundaries, whose further details are found in [1]. Note that evaluation results in [1], [2] and [3] reveal that frequency density of 1 is indeed necessary for smaller scheduled BW. 
Based on Table 1, RB indices i for PT-RS can be represented as
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where we assumed that the starting RB index is fixed to zero, i.e., RB offset=0. 
Alternatively, we can modify Table 1 in order not to use a new frequency density of 1/3 as follows. 
Table 2 Modified PT-RS frequency density table

	Contiguous Scheduled BW
	Frequency density (1/KPTRS)
	The maximum possible number of PT-RS subcarriers (L)

	NRB < 3
	No PT-RS
	2

	3 ≤  NRB < 7
	1
	4

	7 ≤  NRB < 13
	1/2
	4

	13 ≤  NRB
	1/4
	25


Here, the newly added third column denotes the maximum possible number of PT-RS subcarriers (
[image: image2.wmf]L

), and it enables to achieve the similar RS overhead as Table 1 and prevents the discrepancy problem of PT-RS at the boundaries. Based on Table 2, the RB index i including PT-RS can be represented as 
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where we assumed that the starting RB index is fixed to zero, i.e., RB offset=0. Based on Table 2 and the frequency density definition, RB locations including PT-RS are illustrated as Figure 1.
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Figure 1 RB locations including PT-RS
Accordingly, it can be seen that Table 2 can provide RS overhead similar to Table 1 using only the frequency densities 1, 1/2, and 1/4, without defining 1/3.
Proposal 1: PT-RS frequency density table is defined as Table 2. 
Note that for 12RBs, frequency densities 1/2 and 1/3 achieve almost the same performance regardless phase noise models, which can be checked in Appendix I.
2.2. PT-RS port and DMRS port association method for 2CW within single DMRS port group

In the previous meeting, it was agreed that for 2 CW case within single DMRS port group, one of the following two alternatives is to be down-selected  
Alt.1: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS.
Alt.2: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation (across both CWs). 

Here, Alt.1 can provide a better average SINR by (about 1.8dB 
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 CQI difference between two CWs) than Alt.2. Note that this average SINR can be achieved by switching pre-coders for DM-RS ports within a same CW in PRG units, which can be done by implementation. In this case, PT-RS power boosting effect can be achieved only by associating PT-RS port to the CW with highest MCS without any additional feedback or signaling. In [4], we provided simulation result of the spectral efficiency improvement by 3dB PT-RS power boosting. In addition, [5] shows that DL CPE estimation performance can be improved by linking a PT-RS port to the DMRS port with better quality. Accordingly, the PT-RS port should be associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS.

Proposal 2: For 2CW within single DMRS port group, the PT-RS port should be associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS.
2.3. PT-RS port and DMRS port association method for multiple DMRS port groups
In RAN1 #89, we agreed that the dynamic presence/time density of PT-RS is determined by allocated MCS and BW. At least for non-CoMP case, a DMRS group can contain more than 4 ports for SU-MIMO with rank 5 and above.  Since MCS is determined per CW, it is unclear which MCS is referred for 2CW cases. To simply clarify the association rule between multiple DMRS port groups and its own PT-RS ports, the dynamic presence/time density of the PT-RS port should be determined by the MCS of its associated DMRS port. 

Proposal 3: The dynamic presence/time density of the PT-RS port should be determined by the MCS of its associated DMRS port.
2.4. PT-RS time density table
In RAN1#89, there was an agreement that PT-RS time density is determined by modulation order and code-rate. Then, [6], [11] and [12] show that PT-RS time density is strongly dependent of modulation order. Based on the observations, [12] provides the PT-RS time density table of 60kHz as
Table 3 PT-RS time density table in [12]

	Modulation
	Time density

	QPSK
	No PT-RS

	16-QAM
	1/4

	64-QAM
	1/2

	256-QAM
	1


Regarding to code-rate, however, we observed that the relationship between PT-RS time density and code-rate is not significant, which can be checked from Figure 2 and Appendix III. In the figures, TD denotes Time Density. Figure 2 shows that for large bandwidth, time density 1/2 cannot achieve better spectral efficiency than time density 1 even for low code-rate as 64QAM (2/3). 
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Figure 2 Spectral efficiency for 64QAM with different code-rates for PN model in [8]
In contrast, it can be seen from Figure 3 that for 8PRBs, time density 1/2 provides better spectral efficiency than time density 1 even for 64QAM(5/6) regardless of phase noise models. This is due to the fact that for smaller BW, each codeblock in a codeword spreads out in several OFDM symbols, which relieves phase noise impact. In this regard, PT-RS is not necessary for very small BW such as 2 RBs. On the other hand, 256QAM also shows similar tendency with 64QAM, which can be checked from evaluation results plotted in Appendix II. Accordingly, we can see that the order of influence factors on PT-RS time density are modulation order, BW, and code-rate regardless of phase noise models. 
Observation 1: The order of influence factors on PT-RS time density are modulation order, BW, and code-rate regardless of phase noise models.
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Figure 3 64QAM and 8RBs for 60kHz
In Appendix II, evaluation results on 64QAM cases show that time density of 1/2 shows higher spectral efficiency than time density of 1 regardless of phase noise models and subcarrier spacings when the scheduled BW is smaller than 16RBs. On the other hand, for the case of 16PBs, evaluation results show that time density of 1/2 shows better performance than time density of 1 at high SNR region and worse performance in other SNR regions. Note that time density of 1/2 can also achieve the better spectral efficiency in other SNR regions than time density of 1 by adopting lower code-rate, which can be confirmed in evaluations results in Appendix III. 
Similarly, for the case of 256QAM, time density of 1/2 outperforms time density of 1 regardless of phase noise models and subcarrier spacings when scheduled BW is smaller than 8RBs.
Observation 2: For the case of 64QAM, time density of 1/2 shows higher spectral efficiency than time density of 1 regardless of phase noise models and subcarrier spacings when the scheduled BW is smaller than or equal to 16 RBs. For the case of 256QAM, time density of 1/2 shows higher spectral efficiency than time density of 1 regardless of phase noise models and subcarrier spacings when the scheduled BW is smaller than 8 RBs.
On the contrary, for the case of 16-QAM, Figure 6 and Figure 7 show that the relationship between PT-RS time density and BW is weak.
Observation 3: For the case of 16-QAM, the relationship between PT-RS time density and BW is weak.
For a simple design of the PT-RS density table, the table should be defined with respect to modulation order and BW rather than code-rate. In this way, time density 1/2 can be adopted for 64QAM within at least 16RBs regardless of phase noise models and subcarrier spacings, which leads to significant RS overhead reduction especially for smaller BW as shown in Table 5. Accordingly, based on Observations 1, 2 and 3, we provide PT-RS density table as Table 4.
Table 4 Modified PT-RS time density table

	Modulation
	Scheduled BW
	Time density

	QPSK
	-
	No PT-RS

	16-QAM
	-
	1/4

	64-QAM
	NRB <16
	1/2

	
	NRB≥16
	1

	256-QAM
	NRB <8
	1/2

	
	NRB ≥8
	1


Proposal 4: PT-RS time density table is defined by Table 4. 

Based on PT-RS frequency density Table 2 and time density Table 4, we obtain the following PT-RS overheads for 64QAM and 256QAM as:
Table 5 PT-RS overhead for 64QAM
	Scheduled BW
	RS overhead only for TD=1

(# of PT-RS ports = 1 or 2)
	RS overhead only for TD=1/2

(# of PT-RS ports = 1 or 2)
	RS overhead of proposal

(# of PT-RS ports = 1 or 2)

	NRB =4
	8.33% / 16.16%
	4.17% / 8.3%
	4.17% / 8.3% (TD=1/2)

	NRB =8
	4.17% / 8.3%
	2.08% / 4.17%
	2.08% / 4.17% (TD=1/2)

	NRB =16
	2.08% / 4.17%
	1.04% / 2.08%
	2.08% / 4.17% (TD=1)

	NRB =100
	2.08% / 4.17%
	1.04% / 2.08%
	2.08% / 4.17% (TD=1)


Table 6 PT-RS overhead for 256QAM
	Scheduled BW
	RS overhead only for TD=1

(# of PT-RS ports = 1 or 2)
	RS overhead of proposal

(# of PT-RS ports = 1 or 2)

	NRB =4
	8.33% / 16.16%
	4.17% / 8.3% (TD=1/2)

	NRB =8
	4.17% / 8.3%
	4.17% / 8.3% (TD=1)

	NRB =16
	2.08% / 4.17%
	2.08% / 4.17% (TD=1)

	NRB =100
	2.08% / 4.17%
	2.08% / 4.17% (TD=1)


2.5. PT-RS frequency location within RB

In the previous meeting, it was agreed that for PT-RS frequency location within RB, one of the following four alternatives is to be down-selected:  
Alt.1: Fixed to smallest subcarrier index k 

Alt.2: Default is fixed to largest subcarrier index k. Can be configured to other subcarriers by higher layer signalling. 

Alt.3a: Implicitly given by Cell ID 

Alt.3b: Implicitly given by another UE specific parameter (DMRS/PT-RS scrambling ID (if defined)), 

Alt.4: Each DMRS port maps PT-RS to a different subcarrier by a specified rule

To minimize the interference among CSI-RS of the neighboring cells, the cells will have different CSI-RS deployment in the time/frequency domain. In this case, controlling PT-RS subcarrier position by network would be helpful in order to prevent the collision between PT-RS and CSI-RS. In this regard, Alt.2 seems to be the best solution. UE specific randomization of subcarrier position could make the handling of collisions between PT-RS and CSI-RS more difficult because PT-RS can exist any subcarriers within a RB.

Proposal 5: Support high-layer signalling for configuring PT-RS subcarrier location within RB.
2.6. Collision between PT-RSs and corresponding PT-RS sequence design 

In this section, we analyse the impact of collision between PT-RSs and present PT-RS sequence design to avoid the impact of PT-RS collision. In Figure 4, we assume there are two UEs in single gNB where each UE has one DMRS port and one PT-RS port. In addition, two DMRS ports are multiplexed with CDM-F and each DMRS port is link to each PTRS port. In other words, gNB allocates two PT-RS ports to two UEs where PT-RS port #0 and #1 are linked to DMRS port #0 and #1, respectively, and collided in the same REs as shown in Figure 4. Here, we assume that on a given subcarrier, each PT-RS has the same coefficient with the associated DMRS port as proposed by [12], where the coefficients are denoted by 
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Figure 4 Two UEs with its own DMRS port and PT-RS port
For simple analysis, in the following, noiseless environment is assumed. In this case, CPE estimator for UE #0 (PT-RS port #0) can be represented as


[image: image11.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

,

*

00

*

0001100011

*

00011

*

,

ˆ

,,

,,

,,

,

,,,

,,

l

l

lk

l

lDMRS

k

j

TT

DMRS

k

j

eeDMRS

k

j

j

k

T

e

lkee

angleyklykl

angleeklssklss

angleehklhkl

angleeekl

wherehklklss

anglehklhkl

q

q

f

q

q

a

f

D

D

D

D

éù

D=

êú

ëû

éù

=++

êú

ëû

éù

=

êú

ëû

éù

=

êú

ëû

=+

D=

å

å

å

å

hpphpp

hpp

(

)

(

)

(

)

,

,,,

DMRSkleeDMRS

hklhkl

a

éù

=

ëû


Equation 1 Two PT-RS ports transmission in the same RE
Here, 
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denote the channel vector and the precoding vector of u-th UE, respectively. On the other hand, when there is only one PT-RS port #0, its CPE estimate is given by
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Equation 2 Single PT-RS port transmission
By comparing Equation 1 and Equation 2, we can see that the collision between PT-RSs does not degrade the CPE estimation performance if PT-RS RE and DMRS RE use common coefficient in a given subcarrier. Accordingly, it is not necessary to define different PT-RS frequency location for different UEs even if DMRS ports of different UEs in the same cell are multiplexed in CDM-F. 

Meanwhile, [12] shows that the interference between PT-RS ports of different cells can be significantly reduced by using the same coefficients of the associated DMRS port taken at the subcarrier for which the PT-RS is mapped, before applying FD-OCC.

Observation 4: If PT-RS RE and DMRS RE use common coefficient in a given subcarrier, the collision between PT-RSs does not degrade the CPE estimation performance.
Proposal 6: PT-RS sequence should be copied from the sequence of associated DMRS for each subcarrier having both PT-RS and DMRS. 
3. Conclusion
In this contribution, we discussed PT-RS frequency/time density tables. Also, we provided an association method between PT-RS port and DMRS port for 2CW within single DMRS port group, and another association method for multiple DMRS port groups. From the discussion, our observations and proposals are given as follows:
Observation 1: The order of influence factors on PT-RS time density are modulation order, BW, and code-rate regardless of phase noise models.
Observation 2: For the case of 64QAM, time density of 1/2 shows higher spectral efficiency than time density of 1 regardless of phase noise models and subcarrier spacings when the scheduled BW is smaller than or equal to 16 RBs. For the case of 256QAM, time density of 1/2 shows higher spectral efficiency than time density of 1 regardless of phase noise models and subcarrier spacings when the scheduled BW is smaller than 8 RBs.
Observation 3: For the case of 16-QAM, the relationship between PT-RS time density and BW is weak.
Observation 4: If PT-RS RE and DMRS RE use common coefficient in a given subcarrier, the collision between PT-RSs does not degrade the CPE estimation performance.
Proposal 1: PT-RS frequency density table is defined as following:

	Contiguous Scheduled BW
	Frequency density (1/M)
	The maximum possible number of PT-RS subcarriers (LM)

	NRB < 3
	1 for 256QAM

No PT-RS otherwise
	4

	3 ≤  NRB < 7
	1
	4

	7 ≤  NRB < 13
	1/2
	4

	13 ≤  NRB
	1/4
	25


Proposal 2: For 2CW within single DMRS port group, the PT-RS port should be associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS.
Proposal 3: The dynamic presence/time density of the PT-RS port should be determined by the MCS of its associated DMRS port.
Proposal 4: PT-RS time density table is defined as following:
	Modulation
	Scheduled BW
	Time density

	QPSK
	-
	No PT-RS

	16-QAM
	-
	1/4

	64-QAM
	NRB <16
	1/2

	
	NRB≥16
	1

	256-QAM
	NRB <8
	1/2

	
	NRB ≥8
	1


Proposal 5: Support high-layer signalling for configuring PT-RS frequency location within RB.
Proposal 6: PT-RS sequence should be copied from the sequence of associated DMRS for each subcarrier having both PT-RS and DMRS. 
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5. Appendix
5.1. Appendix I
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Figure 5 256QAM and 12RBs for 120kHz
5.2. Appendix II
5.2.1. 16QAM
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Figure 6 16QAM and 64RBs for 60kHz
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Figure 7 16QAM and 64RBs for 120kHz
5.2.2. 64QAM
[image: image22.emf]22 23 24 25 26 27 28 29 30

3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

SNR(dB)

SE(bps/Hz)

60kHz, 8RBs, RANK=1, PT-RS=4, 64QAM(5/6)

 

 

TD=1

TD=1/2

UE model in [7]

PN model in [8]

[9]

[10]


Figure 8 64QAM and 8RBs for 60kHz
[image: image23.emf]22 23 24 25 26 27 28 29 30

3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

SNR(dB)

SE(bps/Hz)

60kHz, 16RBs, RANK=1, PT-RS=4, 64QAM(5/6)

 

 

TD=1

TD=1/2

UE model in [7]

PN model in [8]

[9]

[10]


Figure 9 64QAM and 16RBs for 60kHz
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Figure 10 64QAM and 32RBs for 60kHz
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Figure 11 64QAM and 8RBs for 120kHz
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Figure 12 64QAM and 16RBs for 120kHz
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Figure 13 64QAM and 32RBs for 120kHz
5.2.3. 256QAM
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Figure 14 256QAM and 2RBs for 60kHz
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Figure 15 256QAM and 4RBs for 60kHz
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Figure 16 256QAM and 8RBs for 60kHz
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Figure 17 256QAM and 2RBs for 120kHz
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Figure 18 256QAM and 4RBs for 120kHz
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Figure 19 256QAM and 8RBs for 120kHz
5.3. Appendix III
5.3.1. 64QAM with PN model in [7]
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