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1 Introduction

Phase noise is present in any practical communication system, and impact the system by introducing random phase variations of the received signal. For an OFDM system, this will lead to inter-carrier interference as well as to a common phase error (CPE) on all subcarriers. With increasing carrier frequency, the variance of the phase noise increases, leading more pronounced problems. For NR, targeting carrier frequencies of 6 GHz and above, measures need to be taken to reduce phase noise induced degradation of system performance. 

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. 

In this contribution, design aspects of the PTRS are discussed. 
2 Discussion
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. Furthermore, for PTRS design implications related to DFT-S-OFDM, please refer [2].
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, and interference in the case of shared PTRS in DL.  
Observation 1 PTRS will mainly be needed for UEs scheduled for higher order modulation, excluding UEs in unfavourable channel conditions. 
Observation 2 Transmitting PTRS only when needed may reduce overhead and interference.
From the perspective of PTRS, the UL and DL differs in a distinct way. In the UL, the received signals from different UEs are effected by individual phase noise processes. The different UEs are therefore required to transmit independent PTRS. For the DL, the PTRS can potentially be shared between all UEs being served by a single TRP. This may be beneficial from a resource utilization perspective, since resources are shared amongst UEs. Furthermore, if designed properly, the PTRS could be used for granular phase noise tracking used for ISI mitigation. On the other hand, since all UEs are targeted with the PTRS, UE specific beamforming cannot be used, thus reducing the coverage of the signal, unless other means are taken. This type of always-on signal also add to the inter-site interference. Further on, a shared PTRS also introduces an asymmetry in the design of the UL and DL. An alternative is instead to schedule UE specific PTRS, which allows for beamforming and thus providing improved coverage.  
Observation 3 For DL, the PTRS can either be shared or UE specific, both having a number of implications requiring further study. 
In the following subsection, discussions on the implications of UE specific PTRS in UL and DL is discussed. 
2.1 Design considerations for UL PTRS and UE specific PTRS in DL
The PTRS can either be a standalone signal, or being co-scheduled with a DMRS. Irrespective of the approach taken, due to the short coherence time of the phase noise, PTRS may needed to be transmitted on every OFDM symbols in a subframe. At the same time, as observed in [1], CPE may vary slow enough to allow for accurate interpolation.  
Observation 4 PTRS could potentially be transmitted more parse that in every OFDM symbol. 

An illustration of PTRS placements are shown in Figure 1. Note that the intersection between DMRS and PTRS has to be take 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.
Observation 5 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.
Proposal 1 On a given subcarrier, the PTRS should be formed by repeating the value of the DMRS on that subcarrier. 
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Figure 1: PTRS placement illustration; a) Distributed PTRS, b) Localized PTRS.

If designed to be a standalone signal, a PTRS well localized in frequency is preferred, potentially covering one or several PRBs. This confinement provides a processing gain when estimating the channel, needed for tracking the CPE over time. This also has the benefit of allowing the PTRS to be transmitted without precoding, enabling sharing between users in certain scenarios. Obviously, the channel estimate obtained from DMRS could be used to improve CPE estimation performance in certain scenarios. A downside of a frequency confined signal is that it is more sensitive to frequency selective fading, as compared to a signal distributed in frequency.
By instead distributing the signal over a number of subcarriers, a diversity gain is achieved. This construction requires the PTRS to rely on a DMRS, since an initial channel estimate is needed in order to estimate the CPE component. A benefit of this approach is that the DMRS based channel estimate will provide a reliable reference point due to, in general, a large processing gain. 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. An additional aspect to consider is how to distribute PTRS in frequency for different subcarrier spacing. Preferably, the placement should be numerology independent. The placement and density in frequency has to be further studied.
Observation 6 The PTRS can either be a standalone signal, or be co-scheduled with a DMRS. 
Observation 7 Placement in frequency can be made transparent to the numerology, i.e., same PTRS subcarrier distance, irrespective of subcarrier spacing.

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. But, as is more thoroughly discussed in [2], such construction has implications on the power density of the signal, etc. Please refer [2] for a discussion on the PTRS design aspects with respect to MIMO transmissions.
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].  
Observation 8 For co-scheduling users within the same time-frequency resources in the UL, either orthogonal PTRS signals could be transmitted, or spatial UE separation as well as interference cancelling receivers could be exploited.
Based on the above discussion, the following proposals are made
Proposal 2 As a baseline, PTRS should be transmitted only when needed. 
Proposal 3 As a baseline, the PTRS should be configurable per UE.
Proposal 4 As a baseline, the PTRS should be transmitted together with DMRS.

Proposal 5 Study the required PTRS time and frequency allocation with respect to overhead and system performance. 
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.

3 Conclusion

This contribution discuss our view on important design aspects for the phase noise tracking signal (PTRS). In section 2 we made the following observations:
Observation 1
PTRS will mainly be needed for UEs scheduled for higher order modulation, excluding UEs in unfavourable channel conditions.
Observation 2
Transmitting PTRS only when needed may reduce overhead and interference.
Observation 3
For DL, the PTRS can either be shared or UE specific, both having a number of implications requiring further study.
Observation 4
PTRS could potentially be transmitted more parse that in every OFDM symbol.
Observation 5
The PTRS need to be designed and placed in such a way that it does not impact the DMRS related processing negatively.
Observation 6
The PTRS can either be a standalone signal, or be co-scheduled with a DMRS.
Observation 7
Placement in frequency can be made transparent to the numerology, i.e., same PTRS subcarrier distance, irrespective of subcarrier spacing.
Observation 8
For co-scheduling users within the same time-frequency resources in the UL, either orthogonal PTRS signals could be transmitted, or spatial UE separation as well as interference cancelling receivers could be exploited.


Based on the discussion in section 2, we propose the following: 
Proposal 1
On a given subcarrier, the PTRS should be formed by repeating the value of the DMRS on that subcarrier.
Proposal 2
As a baseline, PTRS should be transmitted only when needed.
Proposal 3
As a baseline, the PTRS should be configurable per UE.
Proposal 4
As a baseline, the PTRS should be transmitted together with DMRS.
Proposal 5
Study the required PTRS time and frequency allocation with respect to overhead and system performance.
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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Agreements:


Study variable/configurable DL/UL RS pattern for demodulation 


For data channel and control channel


At least density can be configurable


FFS: other configurability


The applicable scenarios need to be studied


Study multi-set DL/UL RS for control and/or data demodulation 


The first set is front-loaded (i.e. loaded in the front of RB) 


Other set(s) can be configured for different purposes


Details FFS (e.g. higher frequency/time density, Rx beam detection, RSRP/CSI-reporting, phase noise compensation)
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