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Introduction
The following excerpts are from the agreements on PT-RS in RAN1 #90:
	Working assumption:
· 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:
· When one or more of PT-RS RE(s) is overlapped with CSI-RS
· The one or more overlapping PT-RS RE(s) is punctured
Agreements:
· 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:
· PTRS is not mapped to RBs that are not scheduled for the UE

Working assumption:
· For non-consecutive scheduling, RBs are indexed among the scheduled RBs only
· For the purpose of identifying RB containing PTRS, RB indexing within scheduled RBs is common for contiguous and non-contiguous scheduling 
· Companies are encouraged to check whether or not there are significant issue(s) for the case of non-continugous scheduling taking into account PTRS density



This document discusses port association, power boosting, mapping and interference mitigation of PT-RS, and phase noise model.

Discussion
DL PT-RS association and indication for SU-MIMO
DMRS port grouping for phase tracking of “quasi-same phase noise”
Please note that this section has been already discussed in our contribution [1].

“Support association between one PTRS port and one DMRS port per DMRS port group” is the agreement in RAN1#89. In order to achieve efficient PT-RS mapping, to make definition of DMRS port group for phase tracking is important. 

One possible definition is that the DMRS port group is associated with one local oscillator (LO) in the gNB transmitter. In this case, the # of PT-RS ports would be same as the # of LOs in the gNB. This definition is simple, but actual effect of common phase error (CPE) is not considered. For example, as gNB LOs’ referential clock are same, actual CPE effect might be seen as similar for the UE’s CPE correction, and one PT-RS port could be enough even for the multiple LOs. For another example, even if only one LO is equipped in gNB, actual CPE of DMRS ports might seem different for UE, due to e.g. implementation imbalance of gNB, then multiple PT-RS might be needed. Eventually, the necessary # of PT-RS port and # of gNB LO can be different. The important point is whether UE can assume actual CPE effects of the DMRS ports are same or not.

Some companies propose that DMRS port is QCLed w.r.t. {Doppler shift, Doppler spread} and share the same PT-RS port. However, PT-RS density is designed considering compensation for phase shift by phase noise which has higher time variation, but not for Doppler shift or Doppler spread which has lower time variation. Also, phase noise similarity is independent from Doppler shift or Doppler shift. Therefore, PT-RS port association should not be related to Doppler shift or Doppler spread.

[bookmark: Obs_port]Observation 1:		PT-RS port association should not be related to Doppler shift or Doppler spread.

We propose to introduce the definition of DMRS port group for phase tracking of “quasi-same phase noise”. Multiple DMRS ports should be said to be “quasi-same phase noise” if CPE of those ports are inferred to be same from the UE’s perspective. Which ports are “quasi-same phase noise” should be measured by the test equipment at the gNB deployment time. Based on the test, gNB is aware which DMRS ports are “quasi-same phase noise” and then gNB can configure that one PT-RS port is associated with one DMRS port per one “quasi-same phase noise”. Also, if UE is aware which DMRS ports are “quasi-same phase noise”, the UE can use CPE estimation value from PT-RS port for the other DMRS ports CPE correction within the “quasi-same phase noise. How to indicate it to UE is discussed in subsection 2.1.3 below.

For DL SU-MIMO port association, we propose following;
[bookmark: Prop_QSPN]Proposal 1:	Introduce the “quasi-same phase noise”: DMRS port group for phase tracking within which CPE of all DMRS ports are inferred to be same from the UE’s perspective.
Proposal 2:	gNB should be aware which DMRS ports are “quasi-same phase noise” based on the measurement by the test equipment at the gNB deployment time.
Proposal 3:	gNB should configure that one PT-RS port is associated with the DMRS port per one “quasi-same phase noise”.

[bookmark: _Ref489969998]DMRS port selection from the DMRS port group
According to the agreement in RAN1 #90, 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, if the DMRS ports of highest SINR is indexed lowest by permutation, gNB only have to associate PT-RS with the lowest DMRS port, so alt.2 may be reasonable. However, such permutation might not be possible due to the certain mapping restriction of CW to port mapping, then alt.1 may be reasonable. Eventually, we have following observation:

[bookmark: Prop_asoc]Observation 2:	Which DMRS to map PT-RS for 2 CWs case would be discussed after port to CW mapping relation are specified.

[bookmark: _Ref490044921]Indexing and indication of DMRS ports and PT-RS ports
Please note that this section has been already discussed in our contribution [1].

After gNB configures the # of PT-RS ports and port association between DMRS ports and PT-RS ports, gNB has to give UE the information about this so that UE can recognize PT-RS and data.

To make this indication simple, DMRS ports of DMRS port group for phase tracking (“quasi-same phase noise”) should be indexed at continuous number, and gNB should indicate the lowest indexes of DMRS ports from the group, to UE. Based on this indexing and indication, UE can recognize which DMRS ports are in the same group. For example for rank 8 DL MIMO, when DMRS port indexes {1, 5, 8} is indicated to UE, UE can be aware that DMRS ports of {1-4, 5-7, 8} are the group, respectively. Then UE can decode PT-RS/data. The signalling for indication should be DCI as port configuration could change dynamically.

[bookmark: Prop_indexing]For DL SU-MIMO port indexing and indication, we propose following:
Proposal 4:	DMRS ports within the same DMRS port group for phase tracking should be indexed at continuous number.
Proposal 5:	gNB should indicate the lowest index of DMRS port from each DMRS port group for phase tracking, to UE via DCI.

[bookmark: _Ref484186290]PT-RS mapping for scheduled/allocated RBs
Here, the configured PT-RS frequency density is assumed to be 1SC/4RB. In the WA, like alt.1 in Figure 1 below, allocated RBs are indexed 1,2,3,4… and PT-RS can be mapped based on this index in a same way as the consecutive scheduling. On the other hand, some companies propose that at least 1 SC PT-RS is scheduled for each consecutive RB group like alt.2 below. When configured PT-RS frequency density is sufficiently high and contiguous PRB groups are not so separated (i.e. within coherent bandwidth), PT-RS frequency diversity can be obtained even if using alt.1. Then alt.1 is sufficient and simple to use a common mapping rule for consecutive scheduling and non-consecutive scheduling.

[image: ]
[bookmark: _Ref492285884]Figure 1 PT-RS mapping on non-contiguous PRBs
Note: In alt.2, PT-RS density of some PRB groups may be reduced in order not to increase overhead, like the PRB group at the right end. It may make the mapping complex, too.

In the case the configured PT-RS frequency density is too low and the contiguous PRB groups are separated beyond coherent bandwidth, available number PT-RS might be so few and CPE correction of one of contiguous PRB groups might fail due to fast fading. This is the case to obtain frequency diversity over multiple contiguous PRBs. On the other hand, as far as each contiguous PRBs has 1 PT-RS, it is not the issue. As too low PT-RS frequency density has the issue on the lack of PT-RS in each contiguous PRBs, we would like to focus on the situation of PT-RS frequency density is no less than 1SC/4RB, in order to support alt.1.

[bookmark: Prop_non_con]Proposal 6: 	Confirm the WA below for the case PT-RS frequency density is no less than 1SC/4RB:
				For non-consecutive scheduling, RBs are indexed among the scheduled RBs only
		For the purpose of identifying RB containing PTRS, RB indexing within scheduled RBs is common for contiguous and non-contiguous scheduling

PT-RS power boosting
Please note that this section has been already discussed in our contribution [2].

For SU-MIMO, for the RE carrying a single PT-RS port, other PT-RS ports or data would not be transmitted, like Figure 2. Also, the # of PT-RS ports can be fewer than that of ports carrying data. Therefore, the PT-RS could be transmitted with larger power than the data like Figure 3 (power boosting) in order to improve the accuracy of CPE correction. According to the evaluation results [3-4], power boosting can bring better spectral efficiency.

For UL, too high PSD on certain subcarrier by power boosting can make RF and DA realization more complex. Therefore, consideration by RAN4 is necessary. As for DL, power boosting is acceptable and naturally realized as the network products like TRP can have higher linearity in RF and more resolution on DA than UE.

When PT-RS is used for phase tracking only, the indication of boosted power would not be needed. However, if PT-RS is used for the other purpose (e.g. channel estimation), the indication of boosted power might be needed as the amplitude of PT-RS might be used for channel estimation.


[bookmark: _Ref485227861]Figure 2 Example of FDMed PT-RS for SU-MIMO

 
[bookmark: _Ref485227870]Figure 3 Example for PT-RS power boosting

[bookmark: Obs_boost]Observation 3:	For DL PT-RS, power boosting is naturally supported.
Observation 4:	For UL PT-RS, power boosting will require RAN4 consideration.
Observation 5:	If PT-RS is used for the other purpose than phase tracking, the indication of boosted power might be needed.

DL PT-RS interference mitigation
Spatial correlation and PT-RS design
Please note that this section has been already discussed in our contribution [1].

As discussed in [2], for DL, in especially cell edge, two PT-RS from the serving TRP and non-serving TRP could be collided. Similarly for DL MU-MIMO, two PT-RS on desired port (beam) and undesired port could be collided. Then PT-RS from serving TRP/desired port can be strongly interfered by PT-RS from non-serving TRP/undesired port, especially when DL PT-RS power is boosted. Thus at least for DL, to mitigate inter-UE/cell/TRP interference should be considered. UL is FFS as we are not sure power boosting would be supported for UL.

In order to mitigate that interference, different scrambling sequence for PT-RS among UEs/cells/TRPs is effective and supported. On the other hand, PT-RS utilizes each RE's phase whereas data is decoded together with the other data REs with coding, therefore more robust mitigation technique for PT-RS is required. Therefore, in addition to scrambling by sequence, reducing PT-RS collision between cells/UEs should be considered. 

The possible solutions to reduce PT-RS collision are as follows;
· PT-RS orthogonal multiplexing
· PT-RS frequency position randomization

Figure 4 shows an example of relation between spatial condition and possible solutions. PT-RS orthogonal multiplexing could be used for especially for high spatial correlation. PT-RS frequency randomization could be used for any conditions. For low spatial correlation, no specific action to reduce collision could be needed.

(In the following figure, "no specific action" is modified to be "scrambling sequence only")


[bookmark: _Ref485046460]Figure 4 Example of relation between spatial condition and possible solutions

[bookmark: Prop_collision]Proposal 7:	At least for DL high spatial correlation, PT-RS should not collide with the other UEs/TRPs/cells’ PT-RS.

PT-RS orthogonal multiplexing
Please note that this section has been already discussed in our contribution [2].

First candidate is to use zero power PT-RS (ZP-PT-RS) among UEs/TRPs/cells or orthogonal PT-RS. For MU-MIMO UEs and coordinated cells/TRPs, PT-RS could be FDMed like PT-RS for SU-MIMO. As REs for the other UEs/TRPs/cells are blanked, the interference effect is minimized. But, the overhead of ZP PT-RS is large. Also, it requires the information of each other’s NZP-PT-RS position thus it cannot be used for non-coordinated cells.  Therefore, this method should be used for the case of high spatial correlation only.

For DL MU-MIMO, according to [5-6], non-orthogonal multiplexing of PT-RS is possible when only one LO is employed in TX. However, for the case that multiple types of CPE are seen, orthogonal multiplexing of PT-RS is necessary in order to mitigate inter-UE interference. Our view is that the number of the FDMed PT-RS ports in MU-MIMO is up to the number of multiplexing for SU-MIMO layers.

[bookmark: Prop_ortho]Proposal 8: 	For DL high spatial correlation, orthogonal multiplexing of PT-RS should be supported. The multiplexing method is by FDM same as to SU-MIMO case.
Proposal 9: 	For DL MU-MIMO, orthogonal multiplexing of PT-RS among UEs should be supported for the case of multiple CPE in TX. The total number of multiplexing layers is up to the same number with SU-MIMO.

PT-RS frequency position randomization
As second candidate, for CP-OFDM, we propose that the frequency position (subcarrier) carrying PT-RS is randomized within each RB carrying PT-RS in order to reduce PT-RS collision among UEs/TRPs/cells. Also, in order to reduce continuous collision of PT-RS, frequency position should be differentiated by every slot or every mini-slot. Figure 5 shows an example of PT-RS frequency position randomization. When PT-RS is collided with data, interference effect can be lower than collided with PT-RS as the power of data of the beam can be lower than PT-RS because of power boosting.

[image: ]
[bookmark: _Ref485227692]Figure 5 Example of PT-RS frequency position randomization

PT-RS frequency position (subcarrier index) can be determined by pseudo-random function with cell/group/UE ID, PRB index and slot/mini-slot index for each RB carrying PT-RS. Randomized with already-known function and ID and time index, PT-RS position can be known to UE without additional dynamic signaling/indication.

According to the agreement in RAN1#89, PT-RS port is mapped on subcarrier carrying associated DMRS port. Therefore PT-RS port 1 frequency position is limited to REs colored gray in Figure 5.

Different from orthogonal PT-RS, this method is possible even if cells are not coordinated and could be used for any case of spatial correlation. Also, overhead of PT-RS is lower than orthogonal PT-RS. Furthermore, PT-RS frequency randomization within a RB can be effective to reduce the collision between PT-RS and CSI-RS, as discussed in [7].

The evaluation of PT-RS collision
The effect of PT-RS collision is evaluated by LLS. Here, DL single-layer transmission is simulated. UE receives desired data and DMRS, PT-RS on one antenna port from serving cell, and interference data, DMRS and PT-RS from non-serving cell. The following situations are simulated:
(i)  Interference PT-RS occupies the same REs as PT-RS from serving cell, i.e. two PT-RS collide.
(ii) [bookmark: _GoBack] Interference PT-RS occupies the different REs as PT-RS from serving cell, i.e. two PT-RS don’t collide (PT-RS collides with data).
The Figure 6 below shows the mapping pattern of data and RSs for these situations. PT-RS power is boosted 8 times. The interference power is assumed such that SIR is 35 dB. The sequence pattern is different between desired and interference PT-RS. The other assumption of this evaluation is provided in Table 1 at appendix.

	[image: ]
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	[image: ]

	(i) The situation two PT-RS collide
	(ii) The situation two PT-RS don’t collide
	


[bookmark: _Ref490219269]Figure 6 Mapping pattern for LLS

The Figure 7 below shows LLS results. According to the results below, (i) has worth spectral efficiency than (ii) by around 2%. 

[bookmark: Obs_eval_col]Observation 6:		PT-RS collision with other PT-RS can bring SE degradation by around 2%.

[image: ]
[bookmark: _Ref492645364]Figure 7 The evaluation result of PT-RS collision

Therefore, when PT-RS/PT-RS collision is avoided by PT-RS frequency randomization, 2% SE loss can be avoided without additional signaling or changing density of PT-RS.

[bookmark: Prop_rand]Proposal 10:	For DL, for each slot/mini-slot, for each RB carrying PT-RS, support randomization of subcarrier index to carry PT-RS. The randomization is by pseudo-random function with cell/group/UE ID, slot/mini-slot index, and the RB index, without additional dynamic signaling/indication.
	

Conclusion
For DL SU-MIMO port association, we have the following observation and proposals:
Observation 1:		PT-RS port association should not be related to Doppler shift or Doppler spread.
Proposal 1:	Introduce the “quasi-same phase noise”: DMRS port group for phase tracking within which CPE of all DMRS ports are inferred to be same from the UE’s perspective.
Proposal 2:	gNB should be aware which DMRS ports are “quasi-same phase noise” based on the measurement by the test equipment at the gNB deployment time.
Proposal 3:	gNB should configure that one PT-RS port is associated with the DMRS port per one “quasi-same phase noise”.
Observation 2:	Which DMRS to map PT-RS for 2 CWs case would be discussed after port to CW mapping relation are specified.

For DL SU-MIMO port indexing and indication, we propose following:
Proposal 4:	DMRS ports within the same DMRS port group for phase tracking should be indexed at continuous number.
Proposal 5:	gNB should indicate the lowest index of DMRS port from each DMRS port group for phase tracking, to UE via DCI.

With respect to PT-RS mapping for non-consecutive scheduling, we propose following:
Proposal 6: 	Confirm the WA below for the case PT-RS frequency density is no less than 1SC/4RB:
				For non-consecutive scheduling, RBs are indexed among the scheduled RBs only
		For the purpose of identifying RB containing PTRS, RB indexing within scheduled RBs is common for contiguous and non-contiguous scheduling

With respect to PT-RS power boosting, we observed following:
Observation 3:	For DL PT-RS, power boosting is naturally supported.
Observation 4:	For UL PT-RS, power boosting will require RAN4 consideration.
Observation 5:	If PT-RS is used for the other purpose than phase tracking, the indication of boosted power might be needed.

In order to mitigate PT-RS interference, we have following observation and proposals:
Proposal 7:	At least for DL high spatial correlation, PT-RS should not collide with the other UEs/TRPs/cells’ PT-RS.
Proposal 8: 	For DL high spatial correlation, orthogonal multiplexing of PT-RS should be supported. The multiplexing method is by FDM same as to SU-MIMO case.
Proposal 9: 	For DL MU-MIMO, orthogonal multiplexing of PT-RS among UEs should be supported for the case of multiple CPE in TX. The total number of multiplexing layers is up to the same number with SU-MIMO.
Observation 6:		PT-RS collision with other PT-RS can bring SE degradation by around 2%.
Proposal 10:	For DL, for each slot/mini-slot, for each RB carrying PT-RS, support randomization of subcarrier index to carry PT-RS. The randomization is by pseudo-random function with cell/group/UE ID, slot/mini-slot index, and the RB index, without additional dynamic signaling/indication.
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Appendix
The following is the evaluation assumption of LLS.

[bookmark: _Ref490223749][bookmark: _Ref492571605]Table 1 Evaluation assumption of LLS
	Carrier frequency
	30GHz

	Channel Model
	TDL-A, 30ns

	Phase noise model
	[8]

	Subcarrier spacing
	60kHz

	PRB size
	32

	Transmission scheme
	Single antenna transmission (1port)

	UE speed
	3km/h

	Modulation, Coding rate
	256QAM, 3/4

	Channel Estimation
	Ideal

	PT-RS density
	Time domain
	Every symbol

	
	Freq. domain
	1SC / 4RB(48SC)

	Power boosting of PT-RS
	8 times

	SIR
	35 dB
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