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Introduction
In RAN1#87ah, the following agreement was made regarding a PT-RS:
Agreements:
· Regarding PT-RS for CP-OFDM, the following is supported
· For a given UE, the designated PT-RS is confined in scheduled resource as a baseline
· Whether/how to share DL PT-RS among UEs is FFS
· Presence of PT-RS in scheduled resource is UE-specifically configured/indicated
· Multiple PT-RS densities defined in time/frequency domain are supported
· UE can assume same precoding for a DM-RS port and a PT-RS port
· Among which ports and mapping rules (fixed and/or configurable, etc) are FFS
· Number of PT-RS ports can be fewer than number of DM-RS ports in scheduled resource
· Study the following for PT-RS, taking overhead and forward compatibility into account
· Details on frequency domain patterns/densities
· How to indicate presence/patterns of PT-RS
· E.g., implicitly indicated based on association with numerology/MCS/number of allocated PRBs/UE category
· E.g., explicit indication by L1/L2/L3 signaling
· Port multiplexing methods
· E.g., non-orthogonal multiplexing within PT-RS ports and with data
· Using PT-RS for CFO/Doppler estimation
· QCL relationship between PT-RS and DM-RS
· Joint transmission of CSI-RS and PT-RS for improving CSI acquisition accuracy
· Others are not precluded
· NR considers frequency offset and PN compensation for DFT-s-OFDM
· FFS the exact method (e.g. pre-DFT /post-DFT insertion of PT-RS, blind detection, DM-RS)
· Consider receiver complexity, PAPR, modulation order to be supported, etc 



Introduction
In previous meetings, it has been agreed to study the design of phase noise tracking reference symbols (PTRS), used to estimate and compensate for phase noise related errors. One of the most important design considerations is the time and frequency density of the PTRS. This is important both with respect to the processing gain needed, and the time variations in the phase noise process. In our companion paper [4], we show simulation results which provide further understanding of how to design PTRS.
Below, we present a general discussion about the design aspects of the PTRS. 
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[bookmark: _Toc474153695][bookmark: _Toc474153798][bookmark: _Toc474153849][bookmark: _Toc474153949][bookmark: _Toc474154260][bookmark: _Toc474154455][bookmark: _Toc474154509][bookmark: _Toc474154534]Phase noise introduces both a common phase errors (CPE) on all subcarriers, which lead to a rotation of the received constellation symbol, as well as inter carrier interference (ICI). In [1], the CPE is observed to dominate over the ICI introduced by phase noise. Therefore, our discussion will mainly focus on using the PTRS for CPE estimation. It should also be mentioned that PTRS could also be used for frequency offset estimation, but the requirements for frequency offset estimation is different and could be better served by a separate reference signal that hence also is used at lower frequencies not affected by phase noise [5]. Furthermore, for PTRS design implications related to DFT-S-OFDM, please refer [2]. The main conclusion is that for the targeted scenarios for DFT-S-OFDM, the need for PTRS is limited. Nevertheless, since PTRS for DFT-S-OFDM has been agreed, it is important to harmonize the design with that of CP-OFDM. The PTRS should therefore be inserted post-DFT spread, allowing for same UL receiver processing for both CP-OFDM and DFT-S-OFDM users. For higher SINR scenarios the loss of around 1-1.5 dB in Cubic metric could be acceptable [6].
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In [1], it is observed that lower order modulation is less sensitive to phase errors, as compared to higher order modulation. It is therefore expected that the problem with CPE will be more pronounced for users in favourable channel conditions, achieving the high SNR required for higher order modulation. Therefore, PTRS is not necessarily required to be transmitted to/from all active UEs. From a resource utilization perspective, it is therefore beneficial to only transmit PTRS when needed. This will reduce overhead for the UL, and for DL if UE specific PTRS are used, the reduction can either be in terms of more data symbols or less interference if resources are blanked.  
[bookmark: _Toc465858448][bookmark: _Toc465938492][bookmark: _Toc465948185][bookmark: _Toc465948314][bookmark: _Toc466012202][bookmark: _Toc466024205][bookmark: _Toc466025473][bookmark: _Toc465672100][bookmark: _Toc465672136][bookmark: _Toc465672146][bookmark: _Toc465672176][bookmark: _Toc465681276][bookmark: _Toc465682104][bookmark: _Toc465682113][bookmark: _Toc465682137][bookmark: _Toc465682151][bookmark: _Toc465682184][bookmark: _Toc465682209][bookmark: _Toc465682263][bookmark: _Toc465682271][bookmark: _Toc465682277][bookmark: _Toc465682283][bookmark: _Toc465682362][bookmark: _Toc465682379][bookmark: _Toc465685628][bookmark: _Toc462904622][bookmark: _Toc462914186][bookmark: _Toc465094340]PTRS will mainly be needed for UEs scheduled for higher order modulation, excluding UEs in unfavourable channel conditions. 
[bookmark: _Toc465858449][bookmark: _Toc465938493][bookmark: _Toc465948186][bookmark: _Toc465948315][bookmark: _Toc466012203][bookmark: _Toc466024206][bookmark: _Toc466025474][bookmark: _Toc465672101]Transmitting PTRS only when needed may reduce overhead and interference.
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It has been agreed that the UE can assume same precoding for a DMRS port and a PTRS port, with the implication that CPE estimation can be made using DMRS, as outlined in [4]. Due to the short coherence time of the phase noise, PTRS may needed to be transmitted on every OFDM symbols in a subframe. This was investigated in [4], where we observed that the required density is dependent on chosen MCS and subcarrier spacing. The following proposal is based on those observations.
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An illustration of PTRS placements are shown in Figure 1. Note that the intersection between DMRS and PTRS has to be taken into account when designing the signal. It is important to preserve the orthogonal properties of the DMRS, as well as preserving the available channel estimation processing gain of a continuous DMRS allocation.
[bookmark: _Toc465858452][bookmark: _Toc465938496][bookmark: _Toc465948189][bookmark: _Toc465948318][bookmark: _Toc466012206][bookmark: _Toc466024209][bookmark: _Toc466025477]The PTRS need to be designed and placed in such a way that it does not impact the DMRS related processing negatively.
An obvious solution is letting the values for the resource elements of the PTRS on a given subcarrier take on the value of the DMRS on the same subcarrier. That is, the PTRS is obtained by repeating the DMRS on the subcarriers on which PTRS is present.
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[image: ] 
[bookmark: _Ref465431883]Figure 1: PTRS placement illustration.
How many subcarriers are needed for PTRS, and their placement in the scheduled resources, may depend on the link quality, as well as on the scheduled bandwidth. From [4] we conclude that a flexibility in frequency density is beneficial, and we propose to support PTRS inserted, covering a single subcarrier, in every 2nd, 4th, 8th and 16th PRB. 
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An additional aspect to consider is how to distribute PTRS in frequency for different subcarrier spacing. Preferably, the placement should be numerology independent. 
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For MIMO transmissions, the question arises on which Tx port to use for PTRS transmission. Since the CPE can be approximated as common to all Tx ports, transmitting the PTRS on a single port could be sufficient as long as Doppler can be estimated and corrected per port. In this case PTRS should be transmitted over the port with the best SINR. 
For MIMO transmissions PTRS should be mapped to the port with the best SINR
[bookmark: _Toc465672105][bookmark: _Toc465672141][bookmark: _Toc465672151][bookmark: _Toc465672180][bookmark: _Toc465681280][bookmark: _Toc465682108][bookmark: _Toc465682117][bookmark: _Toc465682155][bookmark: _Toc465682188][bookmark: _Toc465672106][bookmark: _Toc465672142][bookmark: _Toc465672152][bookmark: _Toc465672181][bookmark: _Toc465681281][bookmark: _Toc465682109][bookmark: _Toc465682118][bookmark: _Toc465682156][bookmark: _Toc465682189]For co-scheduled UE transmissions in the UL, within the same time-frequency resources, e.g. MU-MIMO, inter-UE interference has to be addressed. Preferably, the PTRS could be designed to allow for a number of orthogonal signals. Due to the short coherence time of phase noise, applying coding in the time domain may not be a suitable option, instead the frequency domain need to be exploited for orthogonality. Additionally, when co-scheduling larger number of users, spatial separation of UEs should instead be applied, as well as the use of interference cancellation in the receiver. This puts requirements on which receiver type to be assumed for evaluations of PTRS dimensioning, which is further discussed in [2].  
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Based on the above discussion, the following proposals are made
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This contribution discuss our view on important design aspects for the phase noise tracking signal (PTRS). Based on the discussion we propose:

Proposal 1	For DFT-S-OFDM, the (UL) PTRS design should be harmonized with the design for CP-OFDM, i.e., post-DFT insertion
Proposal 2	NR should support configurable PTRS time domain density, with supported configurations allowing PTRS in every, every second, or every fourth OFDM symbol.
Proposal 3	On a given subcarrier, the PTRS should be formed by repeating the value of the DMRS on that subcarrier.
Proposal 4	Support PTRS inserted, covering a single subcarrier, in every 2nd, 4th, 8th and 16th PRB
Proposal 5	Consider numerology independent PTRS design
Proposal 6	One orthogonal PTRS for every four DMRS ports should be sufficient to handle, e.g. MU-MIMO.
Proposal 7	Receiver capabilities in terms of number of Rx antenna branches and interference suppression capabilities need to be taken into account when dimensioning PTRS
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