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Introduction
The following excerpts are from the agreements on PT-RS in RAN1 #90bis:
	Agreement: (Sequence)
· For CP-OFDM, after determining the subcarrier where PTRS is mapped, support repeating the modulated sequence symbol on the associated first front-loaded symbol of DMRS port taken at the subcarrier for which the PT-RS is mapped as the modulated symbol for PTRS, before applying FD-OCC.

Agreement: (Frequency mapping position)
· Support a RB-level offset for selecting RBs among the scheduled RBs for mapping PTRS, and the offset is implicitly determined by UE-ID (i.e., C-RNTI).
· Support implicit derivation the RE-level offset for selecting subcarrier for mapping PTRS within a RB from one or more parameters (e.g. associated DMRS port index, SCID, Cell ID, to be decided in RAN1#91)
· This can be used at least for avoiding collision with DC tone
· In addition, an RRC parameter “PTRS-RE-offset” is also supported that explicitly indicates the RE-level offset and replaces the implicit offset, at least for avoiding collision with DC tone

Agreement: (Power boosting)
· For UL, the transmission power for the symbols with and without PTRS should be kept the same when more than 1 PTRS port is configured
· Support power borrowing for PTRS from muted REs when more than 1 PTRS port is configured
· Note: Other power boosting scheme for UL PTRS can be further discussed
· FFS: single PTRS port case
· At least for DL SU-MIMO scheduling, the EPRE ratio between PTRS and PDSCH is by default implicitly indicated by the number of scheduled PTRS ports for the UE
· The default EPRE ratio is 0dB for 1 PTRS port case and 3dB for 2 PTRS port case
· Other combinations including EPRE up to 6dB are allowed by RRC configuration of association between number of DL PTRS ports and EPRE ratios

Agreement: (PT-RS for DFT-S-OFDM)
For chunk-based pre-DFT PTRS insertion for DFTsOFDM with X chunks of size K={2,4}, support the following
For K=2, the samples in DFT domain are divided in X intervals, and the chunks are located in each interval in samples n to n+K-1  where the n is FFS
For K=4, the samples in DFT domain are divided in X intervals, where in the first interval the chunk is placed in the Head (first K samples), in the last interval the chunk is placed in the Tail (last K samples), and in the rest of intervals the chunk is placed in the middle of each of the two intervals
For PTRS for DFT-s-OFDM, support a RRC parameter « UL-PTRS-frequency-density-transform-precoding » indicating a set of thresholds T={NRBn,n=0,1,2,3,4}, per BWP that indicates the values of X and K the UE should use depending on the scheduled BW according to the table below
	Scheduled BW
	X x K

	NRB0NRB NRB1
	2x2

	NRB1 NRBNRB2
	2x4

	NRB2NRBNRB3
	4x2

	NRB3NRBNRB4
	4x4

	NRB  NRB4
	Yx4


FFS default UE behaviour before RRC configuration, if needed
FFS value of Y (if different than 4)
FFS whether thresholds are MCS dependent
Note: NRB0 can be equal to 0; when NRB0 is larger than 0, no PTRS is present for allocations less than or equal to NRB0
Note: The use of a specific pattern can be disabled by setting NRBi=NRBi+1 on the corresponding line in the previous table



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”
This section is resubmission of section 2.1.1 in [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 delay/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 2.1.2 below.

Within and across QCLed DMRS port group, there can be multiple group of quasi-same phase noise. It means the receiver can assume the same phase noise but how to realize quasi-same phase noise is up to implementation. Whether quasi-same phase noise or not is based on the measurement by the test equipment.

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: _Ref490044921]Indexing and indication of DMRS ports and PT-RS ports
This section is resubmission of section 2.1.3 in [1].

After gNB configures the number 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 belonging to 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} is indicated to UE, UE can be aware that DMRS ports of {1-4, 5-8} 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.
[bookmark: _GoBack]Proposal 5:	gNB should indicate the lowest index of DMRS port from each DMRS port group for phase tracking, to UE via DCI.

Power of FDMed PT-RS and data
For SU-MIMO, for the RE carrying a PT-RS port, other PT-RS ports or data would not be transmitted, like Figure 1. Also, the number of PT-RS ports can be fewer than the number of ports carrying data. Therefore, the PT-RS power can be boosted so that  the total transmission power per RE of PT-RS and data is same like Figure 2 in order to improve the accuracy of CPE correction. According to the evaluation results [2-3], this power configuration can bring better spectral efficiency.

Although DL is not always required to have the same power per RE for PT-RS and data, for UL, the agreement “the transmission power for the symbols with and without PTRS should be kept the same when more than 1 PTRS port is configured” is achieved in RAN1 #90bis. Also for single PT-RS case, the transmission power per RE of data and PT-RS should be the same in our view. Namely, power borrowing from the other AP such as Figure 2 is supported. However, too high PSD on certain subcarrier by power borrowing can make RF and DA realization more complex. Therefore, consideration of maximal power borrowing rate by RAN4 is necessary.

[image: ]
[bookmark: _Ref485227861]Figure 1 Example of FDMed PT-RS for SU-MIMO

 [image: ]
[bookmark: _Ref485227870]Figure 2 Example for power of FDMed PT-RS and data

[bookmark: Obs_boost]Proposal 6:	For UL, the transmission power for the symbols with and without PTRS should be kept the same in 1 PT-RS port case. The maximal borrowing ratio from the other ports is up to RAN4.

DL PT-RS interference mitigation
Spatial correlation and PT-RS design
This section is resubmission of section 2.3.1 in [1].

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 among UEs/cells/TRPs are as follows;
· PT-RS orthogonal multiplexing
· PT-RS frequency position randomization

Figure 3 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.

[image: ]
[bookmark: _Ref485046460]Figure 3 Example of relation between spatial condition and possible solutions

PT-RS orthogonal multiplexing
This section is resubmission of section 2.3.2 in [4].

The first option to reduce PT-RS collision among UEs/cells/TRPs 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 7: 	For DL high spatial correlation, orthogonal multiplexing of PT-RS should be supported. The multiplexing method is by FDM similarly to SU-MIMO case.
Proposal 8: 	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 RE mapping / frequency position randomization
As the second option to reduce PT-RS collision among UEs/cells/TRPs, for CP-OFDM, we propose that the frequency position (subcarrier) carrying PT-RS is randomized within each RB carrying PT-RS. The agreement in RAN1 #90bis is “Support implicit derivation the RE-level offset for selecting subcarrier for mapping PTRS within a RB from one or more parameters (e.g. associated DMRS port index, SCID, Cell ID, to be decided in RAN1#91)”. In addition to cell/UE-specific index, we propose to have slot/mini-slot index as the “parameter” for PT-RS frequency position derivation. It is because frequency position should be differentiated by every slot or every mini-slot in order to reduce continuous collision of PT-RS. Figure 4 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.

PT-RS frequency position (subcarrier index) can be determined by pseudo-random function with cell ID and group ID and UE-specific 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 the UEs implicitly without additional dynamic signaling/indication.

[image: ]
[bookmark: _Ref485227692]Figure 4 Example of PT-RS frequency position randomization

[bookmark: Prop_rand]Proposal 9:			Support implicit derivation the RE-level offset for selecting subcarrier for mapping PTRS within a RB from all the parameters below:
· Cell ID
· Group ID
· UE-specific ID (e.g. C-RNTI)
· Slot index
· Mini-slot index is employed for mini-slot scheduling

UL PT-RS sequence for CP-OFDM PUSCH with frequency hopping

In the agreement in RAN1 #90bis, PT-RS modulated symbol is generated by repeating the modulated symbol of first associated front-loaded DMRS, as Figure 5. On the other hand, intra-slot PUSCH frequency hopping is agreed in email discussion [90b-NR-33]. Then, in the latter hop after frequency hopping, front-loaded DMRS may not exist in the subcarrier of PT-RS, as Figure 6. Therefore, what DMRS symbol would be used for PT-RS generation is unclear now.

We assume DMRS exists in the latter hop also, so the DMRS in the hop should be used for PT-RS generation (i.e. “r” in the figures). It is much simpler than the generation of modulated symbol on unused front-loaded DMRS only for PT-RS generation. Another solution is to repeat the DMRS in the former hop on the same slot (i.e. “d” in the figures), but it can make the demodulation complex since the precoding vector can become different between DMRS and PT-RS in the latter hop. Eventually, we propose to use the DMRS in each hop including the PT-RS.
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	[bookmark: _Ref498413865]Figure 5 PT-RS symbol generation w/o FH
	[bookmark: _Ref498360078]Figure 6 PT-RS symbol generation w/ PUSCH FH
	



[bookmark: Prop_sequence]Proposal 10:	For each slot hop for CP-OFDM, after determining the subcarrier where PTRS is mapped, to support repeating the modulated sequence symbol on the first symbol of the associated DMRS port occupying the same subcarrier as the PT-RS in the hop, before applying FD-OCC.

Pre-DFT chunk-based PT-RS for DFT-S-OFDM
RAN1 agreed the pre-DFT insertion of PT-RS chunks into the DFT-S-OFDM symbols. The following discusses the location of the chunk and the number of the chunk (denoted as X).

Chunk location for K=2
For K (chunk size) = 2, the samples in DFT domain are divided in X intervals, and the chunks are located in each interval in samples n to n+K-1 where the n is FFS in RAN1 #90bis. In our opinion, each chunk should be mapped on the head (i.e. the first K samples) in order to protect PT-RS from inter symbol interference. It is because K = 2 chunk can suffer from inter symbol more interference than K = 4.

[image: ]
Figure 7 Chunk location for K=2

[bookmark: Prop_SC_chunk_location]Proposal 11:	For K = 2, the samples in DFT domain are divided in X intervals, and the chunks are located in each interval in the first K (=2) samples.

Chunk number for wider bandwidth
Chunk number X for wider bandwidth (denoted as Y) is FFS in RAN1 #90bis. In our opinion, the phase noise change between two continuous intervals in a symbol is almost same no matter wide the scheduled bandwidth is. Therefore, X more than 4 seems unnecessary assuming X = 4 can work well for the narrower BW case. Additionally, increasing X contributes the overhead. Eventually, we propose Y = 4 by default at least.

[image: ]
Figure 8 Chunk location for narrow and wide BW

[bookmark: Prop_SC_chunk_number]Proposal 12:	By default, Y (maximal X) = 4.

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”.

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 power boosting, we observed following:
Proposal 6:	For UL, the transmission power for the symbols with and without PTRS should be kept the same in 1 PT-RS port case. The maximal borrowing ratio from the other ports is up to RAN4.

In order to mitigate PT-RS interference, we have following proposals:
Proposal 7: 	For DL high spatial correlation, orthogonal multiplexing of PT-RS should be supported. The multiplexing method is by FDM similarly to SU-MIMO case.
Proposal 8: 	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.
Proposal 9:			Support implicit derivation the RE-level offset for selecting subcarrier for mapping PTRS within a RB from all the parameters below:
· Cell ID
· Group ID
· UE-specific ID (e.g. C-RNTI)
· Slot index
· Mini-slot index is employed for mini-slot scheduling

For PT-RS sequence, we have following proposal:
Proposal 10:	For each slot hop for CP-OFDM, after determining the subcarrier where PTRS is mapped, to support repeating the modulated sequence symbol on the first symbol of the associated DMRS port occupying the same subcarrier as the PT-RS in the hop, before applying FD-OCC.

For DFT-S-OFDM PT-RS, we have following proposals.
Proposal 11:	For K = 2, the samples in DFT domain are divided in X intervals, and the chunks are located in each interval in the first K (=2) samples.
Proposal 12:	By default, Y (maximal X) = 4.
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