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Introduction
In previous RAN1 #88b meetings, the following agreements are achieved. 
Agreements:
· For CP-OFDM, the same PTRS to RE mapping and PTRS densities in time and frequency are available for DL and UL 
· Distributed PTRS (non-consecutive subcarriers) in the frequency domain is used as default configuration
· FFS: Support optional frequency-localized pattern with UE-specific explicit signaling.  (e.g. higher MCS case) 
· For single-user case, support orthogonal multiplexing among PTRS ports, if multiple PTRS antenna ports are supported.
· FFS: how to multiplex multiple PTRS ports, e.g. FDM, TDM, CDM
· FFS: Whether to support multiple PTRS ports or not (FFS: Max number of PTRS APs).
· Support orthogonal multiplexing between PTRS and data transmitted or received by a single UE.
· For MU-MIMO, non-orthogonal multiplexing of e.g. PTRS/PTRS and PTRS/data is possible but also orthogonal multiplexing to be considered
· FFS: Support multiplexing through multiple scrambling sequences for PTRS port(s) 
· Support association between PTRS port and DMRS port group


In this contribution, we further discuss phase tracking RS design issues.

MU-MIMO PTRS Ports Multiplexing
It has been agreed to orthogonally multiplex ports and data for SU-MIMO scenarios. For MU-MIMO scenarios, current agreement is that it is possible for UEs to non-orthogonally use PTRS ports on the same resources. We give an example below to illustrate the necessity of supporting non-orthogonal multiplexing of PTRS ports for multiple UEs.
Suppose signals for two UEs (UE1 and UE2) are sent from the same panel that has one common PLL. The two UEs are using two different precoding vectors and on the  PTRS RE. is the corresponding channel response and  and  are average phase noise on transmitter and receivers separately in the OFDM symbol.
If orthogonal PTRS are used, then the observed PTRS RE with channel responses and phase noise for the two UEs would be  and  separately. 
If non-orthogonal PTRS are used, then the observed PTRS RE for the two UEs would be  and  separately.
Because signals are transmitted from the same panel, , but . Phase noise estimation is typically conducted to compensate the phase offset between OFDM symbols. As long as  does not change across symbols, such compensation would be effective. Non-orthogonal PTRS compensation could achieve the same effect as orthogonal PTRS. The two UEs actually does not view each other interference for phase noise estimation, but rather useful signal for estimation.
There might be power loss in non-orthogonal PTRS multiplexing because power is split in two spatial direction  and . But data RE power is also split into these two directions thus would not cause too much issues.
Another problem might be that MU-MIMO users might use orthogonally multiplexed DMRS ports. If PTRS ports for multiple users are non-orthogonal, then there would be subcarrier misalignment between DMRS ports and PTRS ports. One way to solve this is to only support CDM orthogonal DMRS multiplexing between multiple UEs. Subcarrier level alignment between DMRS ports and PTRS ports could still be guaranteed under such circumstances. 
For orthogonal multiplexing of MU-MIMO PTRS ports, there might be several issues that need to be studied. For example, zero power PTRS may need to defined for rate matching. There would be corresponding DCI overhead increase for the large number of zero power PTRS. The gains are still unclear.
1. For MU-MIMO PTRS ports multiplexing:
0. Non-orthogonal multiplex is supported, FFS its specification impact;
0. FFS orthogonal multiplexing for MU-MIMO PTRS ports.
PTRS Existence and Time Domain Density
From simulation results, it could be observed that for MCS lower than a specific level, existence of PTRS could be easily turned off. Performance degradation is very limited. 
Time domain density is also related to MCS scheduled. At different levels of MCS, UE also has different tolerance of phase noise. The typical time domain density n, 2n, and 4n could also be implicitly determined by MCS.  
We conduct a simulation with the assumptions in the appendix. The corresponding phase noise model is shown in the next figure.
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[bookmark: _GoBack]From the simulation results, it could be seen that the time domain density of every symbol and every the other symbol should be introduced.
1. Time domain density of PTRS on every symbol and every the other symbol should be introduced.

Frequency Domain Densities and Patterns
Currently, some companies also want to relate frequency domain density of PTRS to MCS. As we discussed above, different MCS has different tolerance to phase noise. But the accuracy of phase noise estimation is not directly related to density in frequency domain. It is more related to total number of RE samples，which is not only related to density, but also PRBs allocated. From this perspective, total number of PTRS samples should be guaranteed in order to achieve certain target BLER performance. 
1. Total number of PTRS samples should be guaranteed for various resource allocation.
It is also expected that such multiple frequency domain density is achieved through a PRB level comb structure. The patterns of PTRS could be specified in such a way that they are uniformly distributed in allocated PRBs. Rules of mapping could be specified and implicitly indicated to UE through PRB allocations. 
1. Frequency domain pattern is uniform and PRB-comb like.
For the exact subcarriers within a PRB that PTRS is mapped to, we support the exact position is aligned with the corresponding DMRS port. It has already been agreed that UE would assume same precoding for DMRS ports and PTRS ports. Thus in the symbols where there are DMRS ports, UE could use the DMRS Res to estimate the phase noise. Typically UE could just compensate the phase offset between the data symbol and the reference symbol. Thus it is important that the channel responses on the DMRS RE remains the same as the PTRS RE on the data symbol. For such channel response similarity, the subcarriers of PTRS RE should remain aligned to the corresponding DMRS Res that UE assume same precoding.
1. PTRS frequency domain position within a PRB is aligned to the DMRS port, precoding of which UE assumes the same as PTRS.
It is also possible that different DMRS ports are multiplexed in FD-CDM manner, under which case one port would occupy multiple Res in frequency domain. With above alignment proposal, it seems that the corresponding PTRS would also occupy the same number of Res. But such design is obviously not necessary. There Res could be distributed in more PRBs for diversity gains.
1. For the case that DMRS ports are FD-CDM multiplexed, PTRS port only occupy one RE rather than multiple Res as DMRS. Its frequency domain position within a PRB is only aligned to one of the carriers occupied by the corresponding DMRS ports.
PT-RS Indication
From above discussion, it could be seen that whether PTRS exists or not is typically determined by the MCS scheduled. It could be specified in such a way that UEs scheduled with DL MCS index greater than a pre-defined value would assume there exists PTRS in the corresponding DL transmission. Time domain density could also be implicitly indicated in such a way.
We also observed in previous discussion that once the total number of REs is greater than a fixed value, the performance loss would be very limited. One way is to relate the density of PTRS to the PRBs allocated，within which the total number of PTRS samples is greater than above fixed value. 
Within one PRB, the exact position of PTRS should be aligned with the corresponding DMRS port. Rules could be specified which RE of the port to be aligned with.
1. For PTRS indication:
0. Existence of PTRS is implicitly determined by scheduled MCS;
0. Time domain density of PTRS is implicitly determined by scheduled MCS;
0. Frequency domain density of PTRS is implicitly determined by allocated PRBs;
0. PTRS offset within RBs are implicitly determined by DMRS patterns configured.

Conclusions
Base on above discussions, we have the following proposals.
1. For MU-MIMO PTRS ports multiplexing:
0. Non-orthogonal multiplex is supported, FFS its specification impact;
0. FFS orthogonal multiplexing for MU-MIMO PTRS ports.
1. Time domain density of PTRS on every symbol and every the other symbol should be introduced.
1. Total number of PTRS samples should be guaranteed for various resource allocation.
1. Frequency domain pattern is uniform and PRB-comb like.
1. PTRS frequency domain position within a PRB is aligned to the DMRS port, precoding of which UE assumes the same as PTRS.
1. For the case that DMRS ports are FD-CDM multiplexed, PTRS port only occupy one RE rather than multiple Res as DMRS. Its frequency domain position within a PRB is only aligned to one of the carriers occupied by the corresponding DMRS ports.
1. For PTRS indication:
0. Existence of PTRS is implicitly determined by scheduled MCS;
0. Time domain density of PTRS is implicitly determined by scheduled MCS;
0. Frequency domain density of PTRS is implicitly determined by allocated PRBs;
0. PTRS offset within RBs are implicitly determined by DMRS patterns configured.



[bookmark: _In-sequence_SDU_delivery]Simulation Assumptions

	Parameter
	Value

	Channel Model
	CDL-A (DS 30ns)

	Carrier Freq.
	30GHz

	Numerology
	60 kHz

	Slot Config.
	14 symbols (Ctrl=2 Data=12)

	UE speed
	3km/h

	MCS
	QPSK-1/2，16QAM-2/3，64QAM-5/6

	TM
	Single port transmission

	Channel Estimator
	Ideal

	BS Antenna Config
	[4 8 2 1 1]

	UE Antenna Config
	[1 1 2 1 1]

	BS (UE) Phase Noise Model
	R1-164041
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