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Introduction
In the last two meetings, the following agreements were achieved [1][2]:
RAN1 #88
· Presence/patterns of PT-RS are configured by a combination of RRC signaling and association with parameter(s) used for other purposes (e.g., MCS) which are (dynamically) indicated by DCI.
· Whether PT-RS can be present or not depends on RRC configuration. 
· When configured, the dynamic presence is associated with DCI parameter(s) including at least MCS
· FFS: Time domain density is associated with dynamic configuration by MCS. 
· When present, frequency domain density is associated with at least dynamic configuration of the scheduled BW.
· FFS: Frequency domain density is associated with dynamic configuration by MCS. 
· FFS: Frequency-domain pattern design supports both frequency-localized and frequency-distributed allocation of PT-RS subcarriers.
· Other association factors/rules are not precluded.
· Usage of PT-RS, e.g. CFO/Doppler correction, is not precluded, pattern/signaling for this use case can be different
RAN1 #88b
· 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 paper, further details of PTRS for CP-OFDM are discussed. The evaluation assumptions follow [3][4][5], while specific choices will be given along with the results. 
Port multiplexing 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. Consider these factors, we suggest to support at least up to 4 PTRS ports. 
As for port multiplexing, TDM of PTRS ports is infeasible when one of them is with a time density of every symbol, and the complexity to TDM multiple PTRS ports with different time densities appears overwhelming. In addition, applying CDM to PTRS ports will lead to larger overhead or less frequency diversity compared with pure FDM when single PTRS port is configured and orthogonal multiplexing is required. For these reasons, pure FDM of PTRS ports, as illustrated in Figure 1, is preferred.
[image: ]
[bookmark: _Ref473122675]Figure 1 FDM of PTRS ports
Proposal 1: Support at least up to 4 PTRS ports and FDM of PTRS ports for both DL and UL. 
Association between DMRS and PTRS
For the QCL association between one PTRS port and one DMRS port group, predefined/fixed mapping is in lack of flexibility. Grouping of DMRS (e.g., group size) [6] and thereby QCL association with PTRS are both expected to be RRC-configured, which can provide forward compatibility and give the NW more flexible control of the RS resources available.
Proposal 2: Support RRC-configured QCL association between one PTRS port and one DMRS port group.
When multiple DMRS ports exist in one DMRS port group, to facilitate phase tracking based on channel estimation obtained from corresponding DMRS, association of (digital) precoder between one PTRS port and one DMRS port from the QCLed DMRS port group is also needed. Making such association configurable by RRC signaling, as illustrated in Figure 2, would enable PTRS to be mapped onto the layer with higher SINR, leading to a better tracking performance. 
[image: ]
[bookmark: _Ref480629810]Figure 2 Configurable precoder association between PTRS port and DMRS port from QCLed DMRS group
Proposal 3: Support RRC-configured precoder association between one PTRS port and one DMRS port in the QCLed DMRS port group.
As discussed before, for one DMRS port group consisting of multiple DMRS ports, multiple PTRS ports can be configured to deal with multiple independent phase noise sources at gNB or UE, precoder association between those DMRS and PTRS ports are still needed. One example is given in Figure 3. Nevertheless, further study is still needed, taking into account the progress on DMRS grouping. 
[image: ]
[bookmark: _Ref480634194]Figure 3 Precoder association between PTRS ports and DMRS ports from QCLed DMRS group
Proposal 4: Support precoder association between multiple PTRS ports and multiple DMRS ports from the QCLed DMRS port group. 
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 is of interests. 
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 4.
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[bookmark: _Ref480636186]Figure 4 Precoder 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 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 5: Support at least one of the following methods to facilitate configuring QCL/precoder association between PTRS and DMRS (group):
· UE capability indication on 
· Panels/TXRUs sharing a common oscillator or not, and/or
· Maximum number of independent oscillators at this UE
· UE reporting on whether phase errors measured on PTRS ports are same or different
Configuration of presence/pattern
Presence/Pattern
In our previous contribution [7], it has been shown that PTRS is not needed for low MCS or small scheduled BW. Hence, it is reasonable to map PTRS only when the scheduled MCS/BW is above certain thresholds. As UEs with different implementation may have different phase noise level, such thresholds of MCS/BW should be UE-specifically configured, which can also provide forward compatibility to improvements of hardware implementation. As will be discussed subsequently, such MCS/BW thresholds can be absorbed into association rules between time/frequency densities and the scheduled MCS/BW.
Proposal 6: PTRS is mapped when scheduled MCS/BW is above UE-specifically configured thresholds.
It has been noticed that companies have different opinions on time density to be used for PTRS. As mentioned in previous agreement, the time density may also be associated with the scheduled MCS. To offer a compromised solution, and also to enable flexible mapping between MCS and time density of PTRS, a mapping table is set up below, where several MCS thresholds are adopted. By flexibly configuring values of these MCS thresholds, gNB can configure to have a single or multiple PTRS time density(s) with possible adaptation based on MCS. 
[bookmark: _Ref478027694]Table 1 Association between scheduled MCS and PTRS time density
	Scheduled MCS
	Time density

	0 <= MCS < MCS1
	0

	MCS1 <= MCS < MCS2
	Every 4th symbol

	MCS2 <= MCS < MCS3
	Every 2nd symbol

	MCS3 <= MCS < MCS4
	Every symbol


[bookmark: _GoBack]While predefined values can be provided for the MCS thresholds, signaling to update them should also be supported, enabling UE-specific configuration and forward compatibility to improved implementations. With relatively large overhead and as a long-term configuration, such configuration is expected to be done by RRC signaling. A separate table can be defined for each numerology option, taking the time-domain correlation of phase errors into account, e.g., for a given phase noise model, a sparser time density can be used together with a larger subcarrier spacing. 
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.
Similar with time density, a mapping table between scheduled BW (in terms of the number of scheduled RBs, i.e., NRB) and frequency density of PTRS is given below. Again, by flexibly configuring values of these BW thresholds, gNB can configure to have a single or multiple PTRS frequency density(s) with possible adaptation based on scheduled BW, which is agreed to be supported. Predefined values of BW thresholds and RRC signaling to update them are also of interests. 
[bookmark: _Ref480635859]Table 2 Association between scheduled BW and PTRS frequency density
	Scheduled BW
	Frequency density 

	0 <= NRB < NRB1
	0

	NRB1 <= NRB < NRB2
	Every RB

	NRB2 <= NRB < NRB3
	Every 2nd RB 

	NRB3 <= NRB < NRB4
	Every 4th RB 

	NRB4 <= NRB < NRB5
	Every 8th RB 

	NRB5 <= NRB
	Every 16th RB


Proposal 7: Apply Table 1 to represent association between time density of PTRS and scheduled MCS and support RRC signaling to configure the MCS thresholds therein.
Proposal 8: Apply Table 2 to represent association between frequency density of PTRS and scheduled BW and support RRC signaling to configure the BW thresholds therein.
UE assistance
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. 
With the RRC-configured association rules in Table 1 and Table 2, as well as UE assistance, 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 support is needed for supporting Doppler/CFO compensation. 
Proposal 9: Support UE to suggest MCS/BW thresholds for presence/pattern indication of PTRS.
Evaluation results
To evaluate the performance of the above-mentioned transmission schemes of PTRS, the cases with no PTRS, fixed PTRS, and adaptive PTRS are compared, with link adaptation. With fixed PTRS pattern, each PTRS port is mapped on every symbol and over {4, 4, 8} subcarriers for {4, 8, 32} RBs in frequency, respectively, with two ports FDMed. The time density of adaptive PTRS pattern is simply every 2nd symbol, while the frequency density is same as the fixed pattern, but with only one port, and mapped only when the modulation order is 64QAM. Furthermore, 2-by-2 MIMO transmission is applied. A subcarrier spacing of 120 kHz is used while the channel model is set to CDL-C with 100ns delay spread with spatial filtering. Except for the phase noise models proposed in [4], the reference model discussed in RAN4 [5] is also evaluated.
In this simple example, from fixed PTRS to adaptive PTRS, the number-of-ports/time-density are configured based on UE reporting (e.g., capability indication on Panels/TXRUs sharing a common oscillator and non-continuous mapping in time domain requested after strong correlation observed), while the presence is adaptively adjusted based on scheduled MCS. As shown in Figure 5, the gain of adaptive PT-RS pattern over fixed PTRS pattern are quite appealing with narrow transmission bandwidth. And the gain of adaptive PTRS pattern over no PTRS are also obvious in the high SNR region, especially for the reference phase noise model from RAN4.
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[bookmark: _Ref481671688][bookmark: _Ref477167141]Figure 5 SE comparison between fixed and adaptive PTRS pattern
Summary of proposals
Proposal 1: Support at least up to 4 PTRS ports and FDM of PTRS ports for both DL and UL. 
Proposal 2: Support RRC-configured QCL association between one PTRS port and one DMRS port group.
Proposal 3: Support RRC-configured precoder association between one PTRS port and one DMRS port in the QCLed DMRS port group.
Proposal 4: Support precoder association between multiple PTRS ports and multiple DMRS ports from the QCLed DMRS port group. 
Proposal 5: Support at least one of the following methods to facilitate configuring QCL/precoder association between PTRS and DMRS (group):
· UE capability indication on 
· Panels/TXRUs sharing a common oscillator or not, and/or
· Maximum number of independent oscillators at this UE
· UE reporting on whether phase errors measured on PTRS ports are same or different
Proposal 6: PTRS is mapped when scheduled MCS/BW is above UE-specifically configured thresholds.
Proposal 7: Apply Table 1 to represent association between time density of PTRS and scheduled MCS and support RRC signaling to configure the MCS thresholds therein.
Proposal 8: Apply Table 2 to represent association between frequency density of PTRS and scheduled BW and support RRC signaling to configure the BW thresholds therein.
Proposal 9: Support UE to suggest MCS/BW thresholds for presence/pattern indication of PTRS.
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