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[bookmark: _Toc485298797]Introduction
In RAN1#88b, the following agreement was made:
[bookmark: _GoBack]· For SU-MIMO, support predefined and RRC-configured association between PTRS densities and scheduled MCS/BW
· FFS: RRC configuration can override the predefined association 
· Table 1 in R1-1709521 to represent association between PTRS time density and scheduled MCS
· Table 2 in R1-1709521 to represent association between PTRS 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 PTRS include every 4th symbol, every 2nd symbol, and every symbol, while the frequency-densities (FD) of PTRS 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 PTRS is expected to increase with increasing the scheduled MCS (except for those reserved MCSs).
· The frequency density of PTRS 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 PTRS is expected to increase with increasing the scheduled MCS
· For a UE, the configured PTRS ports are FDMed
· FFS: TDM
· Support association between one PTRS port and one DMRS port per DMRS port group
· FFS: Configurable or fixed association
· FFS: Signalling methods, e.g., RRC, MAC-CE, DCI

In this contribution, we discuss different aspects related with the design of the Phase Tracking Reference Signal (PTRS) for DL, used to estimate and compensate for phase noise related errors.
[bookmark: _Ref178064866][bookmark: _Toc485298798]Discussion
In this contribution we discuss about the design of PTRS for DL. First, we start studying different aspects about PTRS time and frequency densities. Then, different power considerations regarding PTRS in SU-MIMO are discussed. Next we study different multiplexing options for PTRS in MU-MIMO. Finally, we talk about the association between one DMRS port and PTRS and if this association should be fixed or configurable.
The Common Phase Error (CPE) produced by phase noise is the main degradation produced by this hardware impairment at mm-Wave frequencies, as shown in [1]. Therefore, our discussion will mainly focus on using the PTRS for CPE estimation and correction. 

PTRS time and frequency density
It was agreed in the last RAN1 meeting to use Table 1 in [2] to represent association between PTRS time density and scheduled MCS and Table 2 in [2] to represent association between PTRS frequency density and scheduled BW. 

An open issue for further study is whether the PTRS frequency density should be also associated with the scheduled MCS [3]. To analyse this open issue, we show in Figure 1 the evaluation results for different frequency densities using three different MCS and 8 PRB scheduled BW (and with the optimal PTRS time density associated with the corresponding MCS). In the evaluation results we can see how the optimal frequency density for PTRS is associated with both scheduled BW and scheduled MCS. However, if PTRS frequency density is only associated with the scheduled BW, then the performance that we get is still good, and the loss in the performance respect to the optimal case is very small.  In [2], we showed that optimally, both time and frequency density of PTRS are associated with scheduled MCS and scheduled BW, however, by decoupling the time and frequency densities as in the agreed tables of [2], the design is much simpler, while keeping a good performance.

[bookmark: _Toc485298861][bookmark: _Toc485399124]PTRS frequency density must not be associated with the scheduled MCS. 
	[image: ]16-QAM(3/4) and PTRS time density 1/4 
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[bookmark: _Ref485228027]Figure 1. Different PTRS freq. densities for carrier frequency 30 GHz, SCS 60 kHz and 8 PRB.
As agreed in the previous RAN1 meeting, the PTRS time and frequency density should be determined according to the association tables (Table 1 and Table 2) in [2]. In [4] we presented evaluations results showing the performance of different PTRS frequency and time densities when using different MCS, scheduled BW and SCS. For the evaluations, the phase noise model presented in [5] and approved by RAN4 in [6] was used. Based on the evaluations results presented in [4], we have obtained the values for the association tables for 60 and 120 kHz that offer best performance and that should be adopted. These values are shown from Table 1 to Table 4. In the tables, a time density of 1/2 means that PTRS is map in every other OFDM symbol and a frequency density of 1/2 means that PTRS is mapped in 1 subcarrier every other PRB.

	Scheduled MCS
	Time density

	0  MCS  16QAM(3/4)
	No PTRS

	16QAM(3/4)  MCS  64QAM(3/4)
	1/4

	64QAM(3/4) MCS  64QAM(5/6)
	1/2

	64QAM(5/6)MCS
	1


[bookmark: _Ref485307247]Table 1. Association table between PTRS time density and MCS for 60kHz SCS.

	Scheduled BW
	Freq. density

	0  BW  32 PRB
	1

	32 PRB BW  64 PRB
	1/2

	64 PRB  BW
	1/4


[bookmark: _Ref485307461]Table 2. Association table between PTRS freq. density and scheduled BW for 60kHz SCS.

	Scheduled MCS
	Time density

	0  MCS  64QAM(3/4)
	No PTRS

	64QAM(3/4) MCS  64QAM(5/6)
	1/2

	64QAM(5/6)MCS
	1


[bookmark: _Ref485307390]Table 3. Association table between PTRS time density and MCS for 120kHz SCS.

	Scheduled BW
	Freq. density

	0  BW  8 PRB
	1

	8 PRB BW  32 PRB
	1/2

	32 PRB BW  64 PRB
	1/4

	64 PRB  BW
	1/8


[bookmark: _Ref485307248]Table 4. Association table between PTRS freq. density and scheduled BW for 120kHz SCS.
[bookmark: _Toc485399125]Table 1 and Table 3 are adopted for association between MCS and PTRS time density for SCS 60 kHz and 120 kHz, respectively.
[bookmark: _Toc485399126]Table 2 and Table 4 are adopted for association between scheduled BW and PTRS frequency density for SCS 60 kHz and 120 kHz, respectively.
[bookmark: _Toc485298800][bookmark: _Toc485298862]Power considerations for PTRS in SU-MIMO
It was previously agreed that for SU-MIMO, NR should use orthogonal multiplexing for PTRS when more than 1 port is used in the transmission [3]. So far, it has been agreed to use FDM between PTRS ports and TDM is FFS. Due to the orthogonality, for a NZP-PTRS is just transmitted in one of the ports while the other ports are blanked. In Figure 2 the PTRS mapping for a SU-MIMO transmission with two ports is shown. By inspection of the map, it is obvious that the power of the NZP-PTRS must be scaled according to the number of transmission ports in order to have the same transmission power in all the OFDM symbols (independently if they carry PTRS or not). Also, by scaling the power of NZP-PTRS the EPRE (Energy per RE) is equal for RE carrying PTRS and RE carrying PDSCH.
To assure that the power for all the OFDM symbols is equal and the EPRE for all the RE is equal, scaling the power of the NZP-PTRS in the port in which is transmitted according to the number of ports in the transmission is needed.
[bookmark: _Toc485298863][bookmark: _Toc485399127]For SU-MIMO, the power of the NZP-PTRS in the port in which is transmitted should be scaled according to the number of ports in the transmission.

[image: ]
[bookmark: _Ref485196864]Figure 2. PTRS mapping for a SU-MIMO transmission with two ports.
[bookmark: _Toc485298801][bookmark: _Toc485298864]PTRS multiplexing for MU-MIMO
It has not been yet agreed if NR should use orthogonal or non-orthogonal multiplexing of PTRS for co-scheduled UE’s in MU-MIMO. Next, we are going to study the different multiplexing options, studying its advantages and disadvantages.
[bookmark: _Toc485298802][bookmark: _Toc485298865]Orthogonal multiplexing
In Figure 3, the ZP-PTRS and NZP-PTRS map for a transmission with two co-scheduled UE’s using orthogonal PTRS is shown. Orthogonal PTRS in MU-MIMO requires that every UE’s must map ZP-PTRS to the RE in which other co-scheduled UE’s have mapped NZP-PTRS. This implies that each of the co-scheduled UE’s should now in advance the PTRS map of the other co-scheduled UE’s. Therefore, the different parameters that define the PTRS map for each co-scheduled UE should be signalled to the other co-scheduled UE’s. At least, the following parameters of each co-scheduled UE must be known by the other co-scheduled UE’s:
· Scheduled BW
· PTRS time density
· PTRS frequency density
· PTRS port used
This means that the required signalling for achieving the orthogonality is quite high. Such high signalling is not acceptable for NR.
Orthogonal multiplexing of PTRS for co-scheduled UE requires too high increase of the signalling.
[image: ]
[bookmark: _Ref485202829]Figure 3. Orthogonal PTRS mapping for 2 co-scheduled UE’s.
An alternative for achieving PTRS orthogonality between co-scheduled UE’s without increasing significantly the required signalling is that each UE assumes that all the other co-scheduled UE’s have a PTRS map with the highest time and frequency densities (even if they don’t have the highest densities). An example of this is shown in Figure 4.
[image: ]
[bookmark: _Ref485203260]Figure 4.  MU-MIMO orthogonal PTRS map in which each UE’s assumes the other co-scheduled UE’s use the highest PTRS density.
This solution reduces the required signalling for achieving orthogonality, however it also has some drawbacks. First, the number of co-scheduled UE’s with orthogonal PTRS must be limited, because the assumption that the different co-scheduled UE’s have the highest density can produce too high overhead (which could worsen the performance). In Table 5 we show the overhead produced by ZP-PTRS in the co-scheduled UE’s when they assume that the rest of co-scheduled UE’s use the highest PTRS density.
Orthogonal PTRS for MU-MIMO where the UE’s assume the other co-scheduled UE’s use the maximum PTRS density (even if they don’t) reduces the required signalling but increases the overhead produced by ZP-PTRS. 

	Number of co-scheduled UE with orthogonal PTRS
	Percentage of RE used for ZP-PTRS in co-scheduled UE’s

	2
	6.55 %

	3
	13.09 %

	4
	19.64 %

	5
	26.19 %


[bookmark: _Ref485203951]Table 5. Table showing the percentage of RE used for ZP-PTRS with different number of co-scheduled UE’s with the proposed solution.
In Figure 5 we show the PTRS mapping for a MU-MIMO transmission with 2 co-scheduled UE’s with 2 ports per UE and orthogonal PTRS between UE’s (in which each UE assumes that the other has highest PTRS density). As it is shown in the figure, in this case there is an EPRE imbalance across OFDM symbols because UE 2 maps ZP-PTRS to RE’s in which UE 1 maps PDSCH and not NZP-PTRS (so the total EPRE of these RE’s is lower than the EPRE of the other RE’s). 
Orthogonal PTRS for MU-MIMO where all UE’s assume that the other co-scheduled UE’s use the maximum PTRS density could suffer EPRE imbalance across OFDM symbols.
[bookmark: _Toc485399128]Consider to preclude support for orthogonal PTRS in MU-MIMO.
[image: ]
[bookmark: _Ref485204672]Figure 5. PTRS mapping for a MU-MIMO transmission with two UE’s and two ports per UE with orthogonal PTRS multiplexing between UE and reduced signalling.

Non-orthogonal multiplexing
In the non-orthogonal multiplexing case, NZP-PTRS is used while ZP-PTRS is not used, what implies the overhead for non-orthogonal multiplexing is lower to the one for orthogonal multiplexing. Also, the different co-scheduled UE’s do not have to know the PTRS map of the other co-scheduled UE’s, so non-orthogonal multiplexing does not require additional signalling. In Figure 6 we show an example of non-orthogonal PTRS mapping between co-scheduled UE’s.
For MU-MIMO, non-orthogonal PTRS multiplexing requires lower overhead and signalling than orthogonal PTRS. 

[image: ]
[bookmark: _Ref485205409]Figure 6. Non-orthogonal PTRS mapping for 2 co-scheduled UE’s.
In Figure 7 we show the PTRS mapping for a MU-MIMO transmission with 2 co-scheduled UE’s with 2 ports per UE and non-orthogonal PTRS between UE’s. As it is shown in the figure, there is no EPRE imbalance for non-orthogonal PTRS multiplexing.
Non-orthogonal PTRS multiplexing for MU-MIMO does not produce EPRE imbalance across OFDM symbols.
[bookmark: _Toc485298872][bookmark: _Toc485399129]Non-orthogonal PTRS for MU-MIMO case is supported as it does not require additional signalling, it has lower overhead than orthogonal PTRS, and offers good EPRE balance.
[image: ]
[bookmark: _Ref485205455]Figure 7. PTRS mapping for a MU-MIMO transmission with two UE’s and two ports per UE with non-orthogonal PTRS multiplexing between UE.
[bookmark: _Toc485298805][bookmark: _Toc485298873]PTRS port selection
It has been agreed that NR should support support association between one PTRS port and one DMRS port per DMRS port group [3]. Two different options for this association are being considered, fixed and configurable. Next, we are going to study the benefits of each of the options.

Fixed association has the advantage of not requiring additional signaling, however, the performance can be highly degraded if PTRS is transmitted in the worst DMRS port of the DMRS group. Configurable association requires additional signaling to indicate which DMRS port is associated with PTRS, but it offers significantly better performance than fixed association. In Figure 8 we show the evaluation results for 2 and 4 port transmission. In each curve, PTRS is associated with a different DMRS port. From the presented results it is clear that transmitting PTRS always in the best DMRS port has a clear benefit on the performance, so NR should adopt configurable association between one PTRS port and one DMRS port.

[bookmark: _Toc485399130]Support configurable association between one PTRS port and one DMRS port per DMRS port group.
	[image: ]2 ports transmission
	[image: ]4 ports transmission


[bookmark: _Ref485301219]Figure 8. Evaluations with PTRS transmission in different ports for carrier frequency 30 GHz, SCS 60 kHz and 8 PRB.
[bookmark: _Toc485298807]Conclusions
Based on the discussion in this contribution we propose the following 
Proposal 1	PTRS frequency density must not be associated with the scheduled MCS.
Proposal 2	Table 1 and Table 3 are adopted for association between MCS and PTRS time density for SCS 60 kHz and 120 kHz, respectively.
Proposal 3	Table 2 and Table 4 are adopted for association between scheduled BW and PTRS frequency density for SCS 60 kHz and 120 kHz, respectively.
Proposal 4	For SU-MIMO, the power of the NZP-PTRS in the port in which is transmitted should be scaled according to the number of ports in the transmission.
Proposal 5	Consider to preclude support for orthogonal PTRS in MU-MIMO.
Proposal 6	Non-orthogonal PTRS for MU-MIMO case is supported as it does not require additional signalling, it has lower overhead than orthogonal PTRS, and offers good EPRE balance.
Proposal 7	Support configurable association between one PTRS port and one DMRS port per DMRS port group.
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0. [bookmark: _Toc477947887]Simulation assumptions
	Parameter
	Value

	Channel Model
	TDL-A

	Transmission Slot Length
	14 symbols

	UE speed
	3km/h

	Delay spread
	100 ns

	Link Adaptation
	Disabled

	Phase noise model
	As proposed in R4-1701165 applied on both BS and UE

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern

	Phase estimation
	Practical phase estimation


[bookmark: _Ref477940397]Table 6. Simulation assumptions 1
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