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Introduction
In this paper, further details of PTRS for CP-OFDM are discussed. The evaluation assumptions follow [1][2][3], while specific choices will be given along with the results. 
Number of ports for PTRS
When gNBs are made with good implementation and almost negligible phase noise, the required number of PTRS ports will be determined by the number of independent phase noise sources (oscillators) at UE side. On the other hand, for backhaul with high-order modulation or low-cost gNBs with non-negligible phase noise, the required number of PTRS ports also depends on independent phase noise sources (oscillators) at gNB side. In agreed evaluation assumptions, the maximum number of uncalibrated panels at gNB and UE are both up to 4. Considering these factors, we suggest to support at least up to 4 PTRS ports for CP-OFDM in DL and UL. 
Proposal 1: Support at least up to 4 PTRS ports for CP-OFDM in DL and UL. 
UE assistance for port configuration
With larger UE size (e.g., laptop, pad), the panel/TXRUs at such UE may not be driven by a common oscillator, as the connector loss in high frequency band is quite significant. As can be expected, whether the panels/TXRUs at a UE sharing a common oscillator or not is unknown to gNB if there is no indication from this UE. Such information can help gNB to configure the number of PTRS ports and association between DMRS and PTRS (e.g., using one PTRS port if common oscillator and multiple PTRS ports otherwise), leading to reduced overhead and improved throughput. For these reasons, capability indication on UE panels/TXRUs sharing oscillator or not should be supported.
In addition, UE can also report the maximum number of independent oscillators at this UE. Such extra information can help gNB to configure the exact number of PTRS ports for this UE. For example, when four layers (and DMRS ports) are configured, if a UE has reported that it has only two independent oscillators, the gNB can configure only two PTRS ports for this UE, instead of four, which can further reduce the PTRS overhead. This example is illustrated in Figure 1.
[image: ]
[bookmark: _Ref480636186]Figure 1 Association between PTRS ports and DMRS ports from QCLed DMRS group
Similar with the capability indication discussed above, UE can report whether the phase errors measured on PTRS ports with previous/default configuration are the same or different, to assist reconfiguration of the number of PTRS ports and QCL/precoder association with DMRS. Such reporting can further accommodate more complicated implementations, e.g., only part of UE panels/TXRUs share the oscillator, and whether the chosen panels/TXRUs sharing oscillator or not can change with time.
[bookmark: OLE_LINK11]Proposal 2: Support the following UE indication/reporting to facilitate PTRS configuration
· UE panels/TXRUs sharing a oscillator or not
· Maximum number of independent oscillators at UE
· Whether phase errors measured on PTRS ports are same or different
Presence/pattern indication
Predefined and RRC-configured association between PTRS densities and scheduled MCS/BW have been agreed, as captured in Table 1 and Table 2. 
[bookmark: _Ref478027694]Table 1 Association between scheduled MCS and PTRS time density
	Scheduled MCS
	Time density

	0 <= MCS < MCS1
	No PTRS

	MCS1 <= MCS < MCS2
	TD1

	MCS2 <= MCS < MCS3
	TD2

	[bookmark: _GoBack]MCS3 <= MCS < MCS4
	TD3


[bookmark: _Ref485393369]Table 2 Association between scheduled BW and PTRS frequency density
	Scheduled BW
	Frequency density 

	0 <= NRB < NRB1
	No PTRS

	NRB1 <= NRB < NRB2
	FD1

	NRB2 <= NRB < NRB3
	FD2

	NRB3 <= NRB < NRB4
	FD3 

	NRB4 <= NRB < NRB5
	FD4

	NRB5 <= NRB
	FD5


A UE may expect to receive/transmit within active DL/UL bandwidth part(s) among the set of configured bandwidth parts (BPs), where each BP is associated with a specific numerology. For a given carrier frequency and subcarrier spacing, the predefined and RRC-configured association rules between MCS/BW thresholds and PTRS time/frequency densities should be the same. More specifically, for a bandwidth part group where the BPs within this group are with same subcarrier spacing, the same association rules should be applied for a given UE.
Proposal 3: For a given UE, same association rules between MCS/BW thresholds and PTRS time/frequency densities should be applied for a bandwidth part (BP) group where BPs share the same subcarrier spacing.
Predefined association
To select the predefined PTRS densities and MCS/BW thresholds, evaluations have been performed for the 30GHz band and 120kHz subcarrier spacing. In simulations, a channel model of CDL-B and 100ns DS is used, and case 2 (with phase noise only) is considered. The evaluations results are summarized in the appendix. Except for 256QAM, the MCS/TBsize follows Table 7.1.7.1-1 in TS 36.213 with two PDCCH symbols and 1 front-loaded DMRS symbol in a slot with 14 OFDM symbols. For 256QAM case, the coding rate is applied directly, which is indicated in titles of the figures. 
From Appendix 9.1, we can observe that the frequency density of PTRS achieving the highest spectrum efficiency decreases with increasing the scheduled BW, and the selected BW thresholds and frequency densities are summarized in Table 3. From Appendix 9.2, we can observe that the time density of PTRS achieving the highest spectrum efficiency increases with increasing the scheduled MCS, and the selected MCS thresholds and time densities are summarized in Table 4.
The time density of {1/4, 1/2, 1} denotes that PTRS mapped to one symbol in every {4th, 2nd, 1} symbol, respectively. The frequency density of {1/12, 1/24, 1/48, 1/96, 1/192} denotes that PTRS mapped to one subcarrier in every {1, 2nd, 4th, 8th, 16th} RB, respectively.


[bookmark: _Ref485285089]Table 3 Suggested BW thresholds and PTRS frequency density for phase noise models in [2] 
	NRB1
	NRB2
	NRB3
	NRB4
	NRB5
	FD1
	FD2
	FD3
	FD4
	FD5

	4
	8
	32
	32
	32
	1/12
	1/24
	1/48
	1/48
	1/48


[bookmark: _Ref485285087]Table 4 Suggested MCS thresholds and time density PTRS for phase noise models in [2]
	MCS1
	MCS2
	MCS3
	MCS4
	TD1
	TD2
	TD3

	24
	24
	28
	29
	1/4
	1/2
	1


As the MCS table for NR has not been decided, further evaluations and refinements to the suggested predefined PTRS densities and MCS/BW thresholds are also possible. 
Proposal 4: Consider using the BW/MCS thresholds and frequency/time densities in Table 3/4 as the predefined values for 30 GHz band and 120 kHz subcarrier spacing.
UE assistance for RRC configuration
From the additional evaluation results in Appendix 9.2, the suggested MCS thresholds and time densities for PTRS for the phase noise model in [3] are also summarized in Table 5. As can be seen, the MCS thresholds are quite different from Table 4. Considering the expected frequency deviations from the representative band (e.g., the real NW may use 24/28/39GHz band instead of 30GHz band) and to allow for different gNB/UE implementations whilst providing forward compatibility, using RRC signalling to configure the association between PTRS densities and MCS/BW has also been agreed.
[bookmark: _Ref485285114]Table 5 Suggested MCS thresholds and time density for PTRS for phase noise models in [3]
	MCS1
	MCS2
	MCS3
	MCS4
	TD1
	TD2
	TD3

	19
	22
	28
	29
	1/4
	1/2
	1


With the RRC-configured association rules in Table 1 and Table 2, gNB is able to configure always-on PTRS for UE to track Doppler or CFO. For example, let MCS1 = 0, MCS2 = MCS3 = MCS4 = 29 (together with appropriate configuration of the BW thresholds), a PTRS pattern with a fixed time density of every 4th symbol can be configured. In this way, no specific signalling is needed for supporting Doppler/CFO compensation. 
However, as the MCS/BW used in UL is typically lower/smaller than DL, gNB may not be able to acquire sufficient information for selecting proper MCS/BW thresholds based on only previous UL transmissions. In this case, UE to report/suggest MCS/BW thresholds for presence/pattern indication of PTRS in Table 1/2 should be supported. 
Proposal 5: Support UE to suggest MCS/BW thresholds for presence/pattern indication of PTRS.
Presence/pattern for reserved MCS
The association between presence/time-density of PTRS and scheduled MCS should also consider the reserved MCS(s), where a high MCS value may actually refer to a low modulation order. One possible solution is that for these reserved MCS(s), the presence/time-density of PTRS can be set to those for the maximum MCS value whose modulation order is the same as the scheduled MCS.
Proposal 6: Presence/time-density of PTRS for reserved MCS(s) is the same as the maximum MCS value whose modulation order is the same as the scheduled MCS.
Interference randomization for MU-MIMO
For MU-MIMO, non-orthogonal multiplexing between PTRS and PTRS or PTRS and data is supported. In this case, for interference randomization, the PTRS for paired users can be mapped to different frequency positions, by introducing a RB-level or RE-level frequency offset among them. For example, within one RB, the specific position of PTRS may be associated with the corresponding DMRS port, or UE ID, or PTRS port ID, etc.
Power boosting for PTRS
For multi-layer transmission, if the number of PTRS ports equals to the number of DMRS ports, as shown in Figure 2, to support orthogonal multiplexing between PTRS and data on different layers for one UE, some REs (marked with “X”) are unavailable for mapping data for one layer. To improve phase tracking performance, the energy on these “unavailable” REs can be used to boost the transmit power of the PTRS corresponding to this particular layer. Still, further study is required to see if the same power boosting mechanism can be applied when the number of PTRS ports is smaller than the number of DMRS ports.
[image: C:\Users\z00297364\AppData\Roaming\eSpace_Desktop\UserData\z00297364\imagefiles\325D5310-EFAF-4E14-A8C0-1AA4932D6065.png]
[bookmark: _Ref485393539]Figure 2 Example RE mapping of PTRS in one RB

Summary of proposals
The proposals in this contribution are summarized as follows. 
Proposal 1: Support at least up to 4 PTRS ports for CP-OFDM in DL and UL. 
Proposal 2: Support the following UE indication/reporting to facilitate PTRS configuration
· UE panels/TXRUs sharing a oscillator or not
· Maximum number of independent oscillators at UE
· Whether phase errors measured on PTRS ports are same or different
Proposal 3: For a given UE, same association rules between MCS/BW thresholds and PTRS time/frequency densities should be applied for a bandwidth part (BP) group where BPs share the same subcarrier spacing.
Proposal 4: Consider using the BW/MCS thresholds and frequency/time densities in Table 3/4 as the predefined values for 30 GHz band and 120 kHz subcarrier spacing.
Proposal 5: Support UE to suggest MCS/BW thresholds for presence/pattern indication of PTRS.
Proposal 6: Presence/time-density of PTRS for reserved MCS(s) is the same as the maximum MCS value whose modulation order is the same as the scheduled MCS.
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Appendix
[bookmark: _Ref485286823]Evaluations results for selecting frequency density and bandwidth thresholds
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