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Introduction
During the RAN1 NR Ad-Hoc meeting, the following agreements regarding RS for phase tracking (PT-RS) for CP-OFDM [1],[2] and DFT-s-OFDM [1],[3], respectively, were made:

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
Agreements:

· NR considers frequency offset and PN compensation for DFTsOFDM
· 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 
In this contribution, we address some of the open items listed above and provide our recommendation on these aspects.

2
On frequency domain patterns / densities

In [4], an extensive set of results from link-level spectral efficiency (SE) analysis of PT-RS patterns with different time and frequency domain densities was reported. The obtained results in [4] (out of which a couple of examples are shown for easy reading in Figures 1 and 2 below) along with those reported e.g. in [5] show that the optimal number of PT-RS SCs is dominantly set by the scheduled bandwidth and MCS (UE’s operation point being also impacted by other factors such as oscillator technology, carrier frequency and numerology / subcarrier spacing).
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Figure 1. Spectral efficiency of PT-RS patterns (of fixed time density T-D=1) with different frequency densities in case of phase noise – only impairment. Top-row: 60 kHz SC spacing. Bottom-row: 120 kHz SC spacing. R=5/6 64-QAM (left) and R=3/4 256-QAM (right). 32-RB PDSCH allocation.
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Figure 2 Spectral efficiency of PT-RS patterns with time density of T-D=1 and T-D=1/2 (on the left and right hand sides, respectively) for different frequency densities in evaluation Case 2 (top row) and Case 1 (bottom row) for 120 kHz SCs. 4-RB PDSCH allocation, R=3/4 256-QAM.

The SE evaluations of PT-RS patterns, with different time-frequency densities and considering different UE operation points, can be used to determine the optimal number of SCs (as well as the density in symbols regarding time-domain pattern) as a function of scheduled BW and MCS. As a result, association rules connecting different (BW, MCS)-operation points to number of PT-RS SCs (as well as to density in symbols) can be derived. 
Regarding the exact way of mapping the PT-RS SCs in frequency within the scheduled BW, there are two potential allocation options, namely frequency-localized and frequency-distibuted mapping. Both options have their own pros and cons. The distributed mapping, e.g., assuming uniformly distributed PT-RS SCs across the scheduled BW, can provide enhanced frequency diversity compared to the localized mapping. On the other hand, in addition to CPE estimation PT-RS can also be used for estimation and compensation of PN-induced ICI and/or very high Doppler. When applied for these functionalities, the frequency-localized allocation of PT-RS SCs may be preferred over the frequency-distributed mapping. 

To summarize this section, we have the following observations and proposals:

Observation 1: Pre-defined association rules, linking different UE operation points to optimized PT-RS patterns, can be derived based on spectral efficiency (SE) analysis of PT-RS patterns with different time and frequency domain densities.

Observation 2: Depending on the targeted PT-RS usage, whether aimed for CPE compensation only or optionally also for ICI and/or Doppler compensation, the frequency-localized or frequency-distributed mapping of PT-RS SCs may be preferred over the other. PT-RS frequency-domain pattern design should provide flexibility to support both frequency-localized and frequency-distibuted allocation of PT-RS SCs.
Proposal 1: Pre-defined association rules, linking different UE operation points to a limited set of pre-determined PT-RS patterns, should be derived based on SE analysis of PT-RS patterns. The NR DL/UL receiver may then implicitly determine the presence and pattern details of PT-RS based on these association rules and scheduled BW and MCS.
Proposal 2: PT-RS frequency-domain pattern design for NR, needs to provide flexibility to support both frequency-localized and frequency-distributed allocation of PT-RS SCs. 
3
On indication of PT-RS presence / patterns

A CPE compensation-capable NR receiver needs two-fold information regarding PT-RS in association with its scheduled data channel transmission: i) whether PT-RS is transmitted or not and ii) when present, what is the detailed time-frequency pattern of PT-RS scheduled. Generally, there are two possible schemes to indicate the presence and the exact PT-RS pattern, namely i) implicit indication and ii) explicit signalling.

An obvious benefit of implicit indication, in comparison to explicit signalling of PT-RS presence and pattern details, is reduced signalling overhead. On the other hand, the benefit of explicit signalling over implicit indication is that no additional logic is required from a receiver to determine the exact PT-RS pattern scheduled to enable a CPE compensation algorithm. Moreover, dedicated signalling could provide more flexibility and a more forward compatible solution considering the following aspects:
· In the future, technological advancements, e.g. in component manufacturing area, may enable oscillator circuits with less severe PN characteristics. Consequently, the impact of PN impairments may become less pronounced and change the rules how PT-RS presence in scheduled resource as well as pattern density parameters should be associated with MCS and allocated BW.

· Although the current PT-RS discussion in 3GPP has focused on the compensation of PN induced CPE, it is possible that in the future, with new NR receiver categories being introduced, even higher order modulations will be considered while aiming to further enhance the spectral efficiency of the system. This puts stringent requirements on the achievable SINR and consequently the role of SINR floor due to PN induced ICI becomes more relevant. PT-RS may be used to estimate and compensate for the ICI provided the PT-RS pattern fulfils certain constraints.

· Furthermore, PT-RS could potentially be utilized also for Doppler estimation, again assuming the pattern is adapted to support required estimation.
To summarize this section, we have the following observations and proposals:
Observation 3: Both implicit indication and explicit signalling have their pros and cons. Implicit indication provides the benefit of reduced signalling overhead compared to explicit signalling. On the other hand, dedicated signalling could provide a PT-RS presence/pattern signalling solution with enhanced configuration flexibility to quarantee forward-compatibility required to address i) future needs for changing the association rules of PT-RS presence / pattern, ii) future roll-out of new UE/eNB categories, and iii) complementary PT-RS use cases in addition to CPE only compensation.
Observation 4: NR PT-RS design needs to provide a well balanced trade-off between signalling overhead and configuration flexibility as well as support for forward compatibility.

Observation 5: Implicit indication of PT-RS presence/pattern would enable a baseline operation where signalling overhead is low independent of the number of UEs scheduled with PT-RS.

Observation 6: Optional complementing UE-specific explicit signalling could be used to enhance the configuration flexibility as well as provide support for forward compatibility by providing additional information, enabling deviation from the pre-defined implicit patterns in controlled manner.

Proposal 3: NR PT-RS design should assume pre-defined (MCS, BW) -to- PT-RS presence/pattern association rules and implicit indication as the default mode of operation to obtain low signalling overhead for baseline operation.

Proposal 4: In order to improve the configuration flexibilility in comparison to that of the solely implicit operation as well as to enable forward compatibility, the NR PT-RS design should additionally support optional complementing UE-specific explicit signalling. 

4
On QCL relationship between PT-RS and DM-RS
As already discussed in [4] (see observation 11 and proposal 5 therein), we consider that PT-RS port(s) should be quasi co-located (QCLed) with DM-RS port(s). The QCL relationship could be done e.g. according to following example.

Assume PT-RS is QCLed e.g., with the 1st DM-RS port associated to target UE’s PDSCH transmission. In case of multiple DM-RSs and not all DM-RS ports sharing the same oscillator source, e.g., the 1st DM-RS port within each sub-group of ports sharing an oscillator could be assigned for PT-RS transmission. Further assume uniform distribution of PT-RS SCs across the RBs allocated for the UE as well as that the 1st PT-RS SC is allocated e.g. to the same SC as the 1st SC allocated for the corresponding QCLed DM-RS port within the resources scheduled for the given UE.

Based on the above assumptions, a NR UE receiver can implicitly determine the exact frequency-domain PT-RS pattern as follows:
· From the DCI DL grant UE knows which DM-RS ports are mapped to its PDSCH transmission. With additional information on the number of different DM-RS port sub-groups (associated with different Tx oscillators) as well as on the pre-defined mapping rule between the PT-RS port(s) and DM-RS ports within each such subgroup (recall exemplary assumption above), UE can determine the number PT-RS ports assigned for it and their mapping to DM-RS ports.
· Based on i) the assumption on uniform distribution of PT-RS SCs across the BW, ii) the number of SCs corresponding to the scheduled {MCS, BW} combination (specified by the pre-defined association rules), and iii) knowledge on the 1st SC index per PT-RS port (recall exemplary assumption above), UE can determine the port-specific PT-RS SCs.
Proposal 5: Consider QCLed PT-RS port(s) together with pre-determined reference positions in frequency of PT-RS per associated DM-RS port for NR.

5
On using PT-RS for CFO/Doppler compensation

The PT-RS pilots can also be beneficial in estimating residual frequency offset and phase ambiguity in the received signal caused by radio channel variations. For example, in near line-of-sight (LOS) channel conditions with high UE speeds, the received signal can contain residual frequency offset components even after the Doppler shift due to line-of-sight path is completely compensated. PT-RS based phase estimation can track and be used to compensate for phase variations due to residual FO and provide further improvement in receiver performance, provided that the PT-RS pilot density in time and frequency is dense enough to track channel variations.

Figure 3 shows the spectral efficiency performance in case of R=5/6 64-QAM reception in a near LOS channel (CDL-D 10ns, K = 13.3 dB) at 30GHz carrier frequency comparing two channel estimation setups, i.e., i) front-loaded DM-RS pilots only based channel estimation and ii) front-loaded DM-RS pilots based estimation complemented with PT-RS based phase estimation (without additional means to compensate for the Doppler shift). A 32-RB PDSCH allocation and two different UE velocities, 3 km/h and 120 km/h, are considered. Neither local oscillator phase noise nor frequency offset are included as impairment sources. Other simulations parameters are along the simulation assumptions given in the Annex in [4]. Results indicate that PT-RS based phase estimation can follow the near LOS channel variations at high velocity (120 km/h) and improve the data reception performance well beyond the performance obtained with front-loaded DM-RS pilots only.

Observation 7: PT-RS pilots can additionally be beneficial in estimating residual frequency offset and phase ambiguity in the received signal caused by radio channel variations.
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Figure 3: Spectral efficiency performance with and without PT-RS based phase tracking in a near LOS channel.
6
Frequency offset and Phase Noise compensation for DFT-s-OFDM

In NR, DFT-s-OFDM is introduced for enhancing uplink coverage because of its low PAPR characteristics. From this point of view, the main usage scenario of DFT-s-OFDM option is to be transmitted in low SNR region with lower MCS (e.g. pi/2-BPSK or QPSK) and relatively narrow bandwidth not implying maximum power reduction (MPR). In LTE, MPR is not required for allocation size of less than 12 PRBs. The performance degradation caused by the PN from the UE oscillator is almost negligible with such low SNR scenarios because the thermal noise and interference are more dominant factors compared to PN. In addition, in order to avoid performance degradation from estimation error, relatively high number of PT-RS REs should be provided under such lower SNR scenarios. However, additional overhead yields loss of either data rate or coding gain. Thus, PT-RS for PN compensation is not required when transmitting DFT-s-OFDM signal.
In case of compensating the frequency offsets coming from residual CFO and high Doppler, PT-RS can be considered as one of the options to be used. There are two potential types of PT-RS for DFT-s-OFDM; frequency domain (post-DFT insertion) and time-domain (pre-DFT insertion). The former pattern has a drawback of PAPR increase which removes the key benefit of DFT-s-OFDM while the performance gain from frequency offset compensation is marginal [6]. There is no PAPR increase with the time-domain PT-RS, however, since in that case the RS is spreaded in whole frequency domain, the performance of phase offset estimation is degraded due to frequency selectivity in the channel.
Observation 8: PT-RS is not necessary for frequency offset and phase noise compensation of DFT-s-OFDM in NR.

7
Conclusions

The proposals and observations made in this paper are summarized as follows: 
Observation 1: Pre-defined association rules, linking different UE operation points to optimized PT-RS patterns, can be derived based on spectral efficiency (SE) analysis of PT-RS patterns with different time and frequency domain densities.

Observation 2: Depending on the targeted PT-RS usage, whether aimed for CPE compensation only or optionally also for ICI and/or Doppler compensation, the frequency-localized or frequency-distributed mapping of PT-RS SCs may be preferred over the other. PT-RS frequency-domain pattern design should provide flexibility to support both frequency-localized and frequency-distibuted allocation of PT-RS SCs.

Observation 3: Both implicit indication and explicit signalling have their pros and cons. Implicit indication provides the benefit of reduced signalling overhead compared to explicit signalling. On the other hand, dedicated signalling could provide a PT-RS presence/pattern signalling solution with enhanced configuration flexibility to quarantee forward-compatibility required to address i) future needs for changing the association rules of PT-RS presence / pattern, ii) future roll-out of new UE/eNB categories, and iii) complementary PT-RS use cases in addition to CPE only compensation.

Observation 4: NR PT-RS design needs to provide a well balanced trade-off between signalling overhead and configuration flexibility as well as support for forward compatibility.

Observation 5: Implicit indication of PT-RS presence/pattern would enable a baseline operation where signalling overhead is low independent of the number of UEs scheduled with PT-RS.

Observation 6: Optional complementing UE-specific explicit signalling could be used to enhance the configuration flexibility as well as provide support for forward compatibility by providing additional information, enabling deviation from the pre-defined implicit patterns in controlled manner.

Observation 7: PT-RS pilots can additionally be beneficial in estimating residual frequency offset and phase ambiguity in the received signal caused by radio channel variations.
Observation 8: PT-RS is not necessary for frequency offset and phase noise compensation of DFT-s-OFDM in NR.
Proposal 1: Pre-defined association rules, linking different UE operation points to a limited set of pre-determined PT-RS patterns, should be derived based on SE analysis of PT-RS patterns. The NR DL/UL receiver may then implicitly determine the presence and pattern details of PT-RS based on these association rules and scheduled BW and MCS.

Proposal 2: PT-RS frequency-domain pattern design for NR, needs to provide flexibility to support both frequency-localized and frequency-distributed allocation of PT-RS SCs. 

Proposal 3: NR PT-RS design should assume pre-defined (MCS, BW) -to- PT-RS presence/pattern association rules and implicit indication as the default mode of operation to obtain low signalling overhead for baseline operation.

Proposal 4: In order to improve the configuration flexibilility in comparison to that of the solely implicit operation as well as to enable forward compatibility, the NR PT-RS design should additionally support optional complementing UE-specific explicit signalling. 

Proposal 5: Consider QCLed PT-RS port(s) together with pre-determined reference positions in frequency of PT-RS per associated DM-RS port for NR.
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