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1 Introduction

This paper is revised from R1-1716724. In this paper, we provide our views on remaining issues of PTRS. The evaluation assumptions are aligned with [1]

 REF _Ref465239156 \r \h  \* MERGEFORMAT 
[2], with specific choices given along with the results. The two phase noise models in [2] are denoted at PN-EX1 and PN-EX2, respectively.
2 PTRS for CP-OFDM

We first discuss the remaining issues for PTRS for CP-OFDM.
2.1 Previous agreements
The following agreements were achieved for PTRS for CP-OFDM in RAN1#90 and RAN1#AH1709:

PTRS for CP-OFDM
Working assumption:

· PT-RS frequency density table for 60 and 120 kHz SCS

· The listed BW thresholds are only for the predefined (default) table.

· As agreed before, the BW thresholds (N_RBi,i=1,…) in this predefined table can be replaced by RRC configuration 

· If frequency density is 1/n, then every n:th RB in the scheduled BW carry a PTRS port
· FFS on RB location offset in steps of one RB

	Contiguous Scheduled BW
	Frequency density (1/n)

	NRB < [3 or 1]
	No PT-RS

	[3 or 1]≤  NRB < [5]
	[1]

	[5]≤  NRB < [10]
	[1/2]

	[10]≤  NRB < [15]
	[1/3]

	[15]≤ NRB
	1/4


· FFS; the case of non-contiguous resource allocation

· FFS: bracketed values to be decided

Agreement:
· The subcarrier for which the PTRS associated with a certain DMRS port is mapped is the same in all RBs where PT-RS is present 

· The maximum number of DL PT-RS ports is the same as the number of DMRS groups per PDSCH, which is 2 in Rel-15

· The subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port, consider further these alternatives until Wednesday: 

· Alt.1 Fixed to smallest subcarrier index k 

· Alt.2 Default is fixed to largest subcarrier index k. Can be configured to other subcarriers by higher layer signalling. 

· Alt.3a Implicitly given by Cell ID 

· Alt.3b Implicitly given by another UE specific parameter (DMRS/PT-RS scrambling ID (if defined), C-RNTI,…)

· Alt.4 Each DMRS port maps PT-RS to a different subcarrier by a specified rule

Agreement:
For mapping of PT-RS to RBs among the scheduled RBs for DL and UL: The no RB offset (=0, PT-RS is present in the scheduled RB with lowest RB index and then follows the pattern according to the PT-RS freq. density) is the default value if supported. Down-selection among the following alternatives in RAN1#90bis:

· Alt.1: RB offset is fixed (e.g., RB offset=0) in Rel. 15

· Alt.2: RB offset is determined based on UE-specific configuration 

· FFS default RB offset is needed

· FFS the RB offset is explicitly signaled via higher layer signaling or implicitly determined based on the UE specifically configured parameter (e.g., C-RNTI, SCID) 

· Companies are encouraged to provide evaluation results for next meeting to assess whether higher layer configuration of RB offset is beneficial for interference randomization

2.2 Frequency density table

In the previously established WA of the frequency density table, one remaining issue is the default value of NRB1. Some evaluations are provided in Figure 1, where frequency density of every RB is assumed, with single-layer transmission and PN only (no CFO). 
As using 1 or 2 RB to transmit 256QAM is not typical, where the SE loss due to having PT-RS as overhead will likely override the gain using such high MCS, we suggest to choose the default value of N_RB1 considering moderate MCS(s). With moderate MCS, as shown in Figure 1, PTRS is not needed for 1 or 2 RB transmission. The reason behind that is the accumulated ICI and number of code blocks are relatively smaller. In addition, if the default value of N_RB1 equals 1, we will be facing unnecessary penalty on all medium MCS(s). For these reasons, we propose to take 3 as the default value of NRB1. Similar observations can also be made from the evaluations results in Appendix 5.4 of [3].

Proposal 1: Confirm the WA on frequency density table for PTRS for CP-OFDM with all brackets removed and take 3 as the default value of NRB1.
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Figure 1 SE loss for configuring high-density PTRS for CP-OFDM for narrow-BW transmission
2.3 Symbol location of PTRS
It has been agreed that PDCCH can be FDMed with PDSCH. To enable phase tracking for PDSCH mapped before DMRS, PTRS should also be mapped to those symbols. Instead of mapping PTRS from the first symbol after front-loaded DMRS, NR should support starting mapping PTRS from the first symbol containing PDSCH/PUSCH. 
Proposal 2: Start mapping PTRS from the first symbol containing PDSCH/PUSCH.
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Figure 2. Starting mapping PTRS from 1st PDSCH/PUSCH symbol for CP-OFDM
It is agreed that PTRS gets punctured when colliding with CSI-RS. However, when PTRS with low time density (i.e., 1/4, 1/2) is punctured, the gap between two adjacent PTRS symbols is too large for achieving precise phase tracking. As shown in Figure 3, to maintain phase tracking performance, shifting PTRS to adjacent symbols when colliding with CSI-RS should be supported.

Proposal 3: When PTRS with time density of 1/4 and 1/2 collide with CSI-RS, support shifting PTRS to adjacent symbols.
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Figure 3. Shifting low time-density PTRS for CP-OFDM when colliding with CSI-RS
2.4 UE assistance for RRC configuration

As described in Table 1, predefined and RRC-configured association between PTRS time density (TD) and scheduled MCS are supported. 

Table 1 Association between scheduled MCS and time density for PTRS for CP-OFDM
	Scheduled MCS
	Time density

	0 <= MCS < MCS1
	No PTRS

	MCS1 <= MCS < MCS2
	TD1

	MCS2 <= MCS < MCS3
	TD2

	MCS3 <= MCS < MCS4
	TD3


From the evaluation results and summarized tables in [4] (copied here as Table 2 and Table 3), it can be seen that the MCS thresholds suitable for the two phase noise models in [2] are quite different. 

Table 2 Suggested MCS thresholds and time density for PTRS for CP-OFDM for PN-EX2
	MCS1
	MCS2
	MCS3
	MCS4
	TD1
	TD2
	TD3

	24
	24
	28
	29
	1/4
	1/2
	1


Table 3 Suggested MCS thresholds and time density for PTRS for CP-OFDM for PN-EX1
	MCS1
	MCS2
	MCS3
	MCS4
	TD1
	TD2
	TD3

	19
	22
	28
	29
	1/4
	1/2
	1


In a simplest example, if the predefined table is selected based on PN-EX2, PTRS will not be scheduled when the MCS is lower than 64QAM 3/4. However, if the UE phase noise model happens to be closer to PN-EX1, as suggested in [5], PTRS is needed when the MCS is beyond 16QAM 3/4. Such a mismatch will lead to significant performance loss, as a worst case, leaving non-negligible phase errors uncompensated. This effect is effectively illustrated in Figure 4, where frequency density of every 4th RB and time density of every 2nd symbol are assumed, with 32 RBs, single-layer transmission, and PN only (no CFO).
In the meantime, 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. To address this problem, UE to report the desired MCS/BW thresholds for presence/pattern indication of PTRS in Table 1/2 in [6] (agreed) should be supported. 

Proposal 4: Support UE to report the desired MCS/BW thresholds for presence/pattern indication for PTRS for CP-OFDM.
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Figure 4 SE loss when MCS-TD association is not UE-specifically configured based on UE reporting
2.5 UE assistance for port configuration

With larger UE size (e.g., laptop), 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, if there is no indication from this UE, whether TXRUs at a UE sharing a common oscillator or not is unknown to gNB. Providing such information can help gNB to configure the number of PTRS ports (e.g., using one PTRS port if common oscillator and multiple ports otherwise), leading to overhead reductions. This issue exists in both DL and UL, as UE phase noise requires more attentions and whether the chosen TXRUs sharing an oscillator is up to UE’s choice/implementation. This is illustrated in Figure 5. 
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Figure 5 Example for configuring number of PTRS ports considering UE TXRUs sharing oscillator or not
In a general form, to indicate the maximum number of independent oscillators, UE can report the desired number of PTRS ports. Furthermore, the desired phase tracking association between PTRS port(s) and DMRS port(s) can also be reported, which is particularly important for rank > 2 transmission. 
Evaluations are performed to check the necessity of scheduling multiple PTRS ports for a single UE, with UE TXRUs sharing an oscillator or not (PN only, no CFO). Frequency density of every 4th RB and time density of every symbol are assumed, with a total number of 32 RBs and 2-layer transmission. As can be seen in Figure 6, with UE TXRUs sharing an oscillator, a single PTRS port is sufficient. However, significant SE gains can be achieved by scheduling multiple PTRS ports, to cope with multiple independent phase noise sources.
Proposal 5: For CP-OFDM, support UE to report the desired PTRS port configuration including the number of PTRS ports and phase tracking association with DMRS ports. 
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Figure 6 SE of configuring different number of PTRS ports with UE TXRUs sharing oscillator or not

2.6 Power boosting for PTRS
As PTRS can be additionally used for Doppler tracking, which involves updating the channel estimation results (with amplitude information), it is better to let the receiver know the exact transmit power of PTRS. In other words, using spec-transparent power boosting scheme for PTRS is not forward compatible to using PTRS for Doppler tracking. For multi-layer transmission, if more than one PTRS port are scheduled, as shown in Figure 7, to support orthogonal multiplexing between PTRS and data on different layers for one UE, some REs (marked as “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 mapped on this particular layer. For the case with 2 PTRS ports, and without increasing the power consumption, the difference between PTRS transmit power and data transmit power per layer is exactly 3dB. Such a power boosting scheme does not require any additional dynamic signalling. If needed, a higher layer signalling can be adopted to indicate whether power boosting is applied for PTRS (0 or 3 dB). 
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Figure 7 Example RE mapping of 2-port PTRS for CP-OFDM in one RB for 2-layer transmission

For the case of 2 data layers, the effects of power boosting with 2 PTRS port(s) are examined in Figure 8, respectively, with frequency density of every 2nd RB, time density of every symbol, total number of 8 RBs, and PN only. As can be seen, for the case under consideration, power boosting can lead to ~0.2~0.3 bit/Hz/s SE gain, without increasing the overall power consumption. 

Proposal 6: Support power boosting for PTRS for CP-OFDM with predefined EPRE ratio between PTRS and {PDSCH or PUSCH} when more than one PTRS port are transmitted.
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Figure 8 SE gain of power posting for PTRS for CP-OFDM with 2 PTRS ports for 2-layer transmission
2.7 Interference randomization

For MU-MIMO, non-orthogonal multiplexing between PTRS and PTRS or between 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/RE-level frequency offset, as illustrated in Figure 9. For example, this RB-level offset for selecting RBs for mapping PTRS can be associated with the corresponding DMRS port, or UE ID, or PTRS port ID, etc. Such interference randomization is particularly important for the case where power boosting is applied on PTRS.
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Figure 9 RB-level offsets for mapping PTRS for CP-OFDM for interference randomization
In Figure 10, we provided evaluation results on using three different methods for mapping PTRS of different UEs for interference randomization, with power boosting for PTRS from the interfering UEs. Method A represents same sequence and same frequency offsets (collision between PTRS and PTRS), method B means different sequences but same frequency offsets, and method C means different sequence and different frequency offsets (collision between PTRS and data). Considering the negligible specification efforts, the SE gain of 0.2~0.5 bit/Hz/s is still very appealing, especially when there are more than one interfering UEs. 
Proposal 7: Support using RB or RE level frequency offsets for mapping PTRS for different UEs for interference randomization. 
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Figure 10 SE gain of interference randomization using frequency offset for PTRS for CP-OFDM
2.8 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, as illustrated in Figure 11. These reserved MCS(s) were used at least for indicating ModOrder for retransmissions. Under the current framework, for such retransmissions, PTRS will not only be transmitted but also with the highest time density, even for very low-order modulation (e.g., QPSK). In this case, the inserted PTRS will impose extra overhead without gaining from phase tracking. This is illustrated in Figure 12, where the same TBS/ModOrder/BW are applied for initial/retransmissions, with a frequency density of every RB. 
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Figure 11 MCS table in Rel-14 with reserved TBS Index

One possible solution is that for these reserved MCS(s), the presence/time-density of PTRS can be set to those for the maximum non-reserved MCS value whose modulation order is the same as the scheduled MCS.
Proposal 8: Presence/time-density of PTRS for MCS index corresponding to reserved TBS index is same as maximum MCS index associated with non-reserved TBS index but with same modulation order.
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Figure 12 SE loss for retransmissions without considering PTRS presence/density for reserved MCS
2.9 Localized PTRS for ICI estimation
The discussions above focused on the agreed distributed PTRS pattern. Localized PTRS pattern is also of interests, as it can enable ICI estimation, which can be useful for high MCS transmission in high SNR region. There were many design factors to be considered, such as sequence, length, and position of localized PTRS. While it is very interesting, due to the limited time and energy before December, we suggest to leave such discussions for Rel-16. 

2.10 PTRS for ECP

To minimize design/specification efforts, the PTRS time/frequency densities designed for NCP can be reused for ECP case. To enable forward compatibility, same as NCP case, it should be supported to configure the MCS/BW thresholds REF _Ref494461949 \h 
 in the time/frequency density tables for indicating presence/pattern of ECP PTRS by RRC signalling. 
Proposal 9: For ECP, support reusing time/frequency densities of PTRS for CP-OFDM for NCP, and configuring MCS/BW thresholds for indicating presence/pattern of ECP PTRS by RRC signalling.
3 PTRS for DFT-s-OFDM

We then discuss the remaining issues for PTRS for DFT-s-OFDM.
3.1 Previous agreements

The following agreements were achieved for PTRS for DFT-s-OFDM in RAN1#AH1709:
PTRS for DFT-s-OFDM
Agreement:
· For chunk-based pre-DFT PTRS insertion for DFTsOFDM, support the following

· The supported values for K (chunk size) are 2 and 4

· Implicit configuration depending on MCS/BW

· The supported values for X (number of chunks/DFTsOFDM symbol) are at least 2 and 4

· X implicitly depends on allocated bandwidth and/or MCS and/or K value

· Implicit configuration can be subcarrier spacing dependent

· FFS if K=1 is also supported and exact mechanism

· When X=2 is configured, downselect among the following:

· Alt. 1: chunks are placed head/tail of DFTsOFDM symbols containing PTRS

· Alt. 2: chunks are placed middle/tail of the  DFTsOFDM symbols containing PTRS

· Alt. 3: chunks are placed head/middle of the  DFTsOFDM symbols containing PTRS

· Alt. 4: chunks are placed middle of each of the X equally-sized parts of the  DFTsOFDM symbols containing PTRS

· For PTRS sequence, downselect from the following options:

· Option 1:

· pi/2 BPSK PTRS is used for pi/2 BPSK PUSCH

· [FFS] PTRS sequence consists of the outermost points of the PUSCH constellation

· Option 2

· Reuse the same sequence as PTRS or DMRS sequence for UL CP-OFDM

· FFS: Time-domain PTRS density reduction is supported at least for allocated bands below N RB and/or some MCS

· Time-domain pattern depends on DM-RS positions (DFTsOFDM positions near DMRS do not contain PTRS)

· FFS: N value

· FFS: every other DFTsOFDM symbol not neighbouring DM-RS positions does not contain PTRS

· For RB allocation larger than N, PTRS density reduction is configured by RRC
3.2 Presence/pattern indication

It was agreed that the presence of PTRS for DFT-s-OFDM is UE-specifically configurable. Such configuration can be done explicitly or implicitly. To save the signaling overhead whilst harmonizing with the design of PTRS for CP-OFDM, implicit indication by association with scheduled MCS/BW is preferred for indicating the presence of PTRS for DFT-s-OFDM. 
In addition, implicit indication of chunk size (CS) and chunk number (CN) for PTRS for DFT-s-OFDM was agreed. However, the specific association still needs to be figured out. One possibility is to setup a 2 dimensional table as in Table 4, where the selected chunk/number are associated with scheduled MCS/BW. Furthermore, to simplify implementation, similar to CP-OFDM, we can also decouple the association. For example, the specific choice of chunk size can be implicitly indicated by scheduled BW, where a smaller chunk size can be used for small allocation size, for overhead control. In addition, the number of chunks in each symbol can be associated with the scheduled BW only, which is illustrated in Table 5. 

Table 4 Association between MCS/BW and CS/CN for PTRS for DFT-s-OFDM
	{CS, CN}
	[0, MCS1)
	[MCS1, MCS2)
	[MCS2, MCS3)

	[0, NRB1)
	No PTRS
	No PTRS
	No PTRS

	[NRB1, NRB2)
	No PTRS
	{2, 1}
	{2, 2}

	[NRB2, NRB3)
	No PTRS
	{2, 2}
	{2, 2}

	[NRB3, ∞)
	No PTRS
	{2, 4}
	{4, 4}


Table 5 Association between scheduled BW and chunk number for PTRS for DFT-s-OFDM
	Scheduled BW
	Number of chunks 

	[0, NRB1)
	No PTRS

	[NRB1, NRB2)
	1

	[NRB2, NRB3)
	2

	[NRB3, ∞)
	4 


The default value of the MCS/BW thresholds are under further evaluation, while preliminary suggestions are given in [7]. To accommodate different UE implementations, the MCS and BW thresholds in Table 4 and Table 5 should be UE-specifically configurable. And, similar to CP-OFDM case, UE should be able to suggest the preferred MCS/BW thresholds to the gNB, to enable forward compatibility. 
Proposal 10: For PTRS for DFT-s-OFDM, support predefined and RRC-configured association between presence/chunk-size/chunk-number and scheduled MCS/BW.
3.3 Placement of chunks
As shown in Figure 13, four alternatives have been listed for placing 2 PTRS chunks within one DFT-s-OFDM symbol. All of them have its own technical advantages and disadvantages. For example, Alt-1 can reduce extrapolation but will increase the interpolation distance. Alt-2/3/4 have shorter interpolation distance but incurs extrapolation or requires inter-symbol processing. For us, to reduce the delay of signal processing, it is preferred to map 2 PTRS chunks to head/middle of the DFT-s-OFDM symbols (i.e., Alt-3). In addition, we suggest further considering how to generalize the mapping scheme to the cases with 4 PTRS chunks (and even an arbitrary number). Furthermore, it appears the listed Alt-2/3/4 can be generalized by introducing a time-domain offset. 
Proposal 11: Support mapping 2 PTRS chunks to head/middle of the DFT-s-OFDM symbols and FFS the case with 4 PTRS chunks.
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Figure 13 Different schemes to mapping 2 PTRS chunks for DFT-s-OFDM
3.4 Sequence design

Pi/2 BPSK is supported for data transmission using DFT-s-OFDM. Even for such low-order modulation, PTRS can still be used to deal with CFO/Doppler, by configuring proper MCS/BW thresholds. This is illustrated in Figure 14, with residual CFO considered (with or without PN) and PTRS mapped on every symbol. As can be seen, if the residual CFO is non-negligible, using PTRS is quite beneficial even for low-order modulation. 
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Figure 14 SE gain of using PTRS for DFT-s-OFDM for CFO tracking (with CFO only or CFO&PN)
In Figure 15, PAPR of pi/2 BPSK modulation with different PTRS sequences are compared. As can be seen, using pi/2 BPSK sequence (shifted together with or independent of data) for PTRS for DFT-s-OFDM can help maintaining the desired low PAPR property, while reusing the sequence for DMRS (PN, QPSK) will negatively affect the PAPR performance (~0.5 dB). In addition, using moderate power boosting for pi/2 BPSK PTRS for data transmissions with modulation order higher than QPSK (in some sense, equivalent to using outermost constellation points with constrained phase shifting to avoid zero-crossing) is also worth studying, as it can help improve the phase tracking performance with negligible impacts on the PAPR.
Proposal 12: Support using pi/2 BPSK sequence for PTRS of DFT-s-OFDM at least when pi/2 BPSK is used for the scheduled data transmission.
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Figure 15 PAPR of pi/2 BPSK modulation with different PTRS sequences for DFT-s-OFDM
3.5 Symbol-level time density

For tracking Doppler/CFO for low MCS, the symbol-level time density of PTRS can be comparatively sparser. For tracking phase noise for high MCS, the symbol-level time density of PTRS should be relatively denser, as the coherence time of phase noise is much smaller. In general, different scenarios/functionalities require different symbol-level time densities for PTRS for DFT-s-OFDM. However, thus far, the symbol-level time density of PTRS for DFT-s-OFDM supports only every symbol.
As illustrated in Figure 16, symbol-level time density of every 2nd symbol can be used for tracking CFO and the saved overhead can lead to clear SE gains, especially in medium to high SNR region. For this reason, at least the symbol-level time density of every 2nd symbol should be supported for PTRS for DFT-s-OFDM. 
Proposal 13: Support symbol-level time density of every 2nd symbol for PTRS for DFT-s-OFDM.
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Figure 16 SE of DFT-s-OFDM with pre-DFT PTRS with reduced symbol-level time density (CFO only)
4 Summary of proposals

The proposals in this paper are summarized as follows. 
PTRS for CP-OFDM

Proposal 1: Confirm the WA on frequency density table for PTRS for CP-OFDM with all brackets removed and take 3 as the default value of NRB1.

Proposal 2: Start mapping PTRS from the first symbol containing PDSCH/PUSCH.
Proposal 3: When PTRS with time density of 1/4 and 1/2 collide with CSI-RS, support shifting PTRS to adjacent symbols.

Proposal 4: Support UE to report the desired MCS/BW thresholds for presence/pattern indication for PTRS for CP-OFDM.

Proposal 5: For CP-OFDM, support UE to report the desired PTRS port configuration including the number of PTRS ports and phase tracking association with DMRS ports. 

Proposal 6: Support power boosting for PTRS for CP-OFDM with predefined EPRE ratio between PTRS and {PDSCH or PUSCH} when more than one PTRS port are transmitted.

Proposal 7: Support using RB or RE level frequency offsets for mapping PTRS for different UEs for interference randomization. 

Proposal 8: Presence/time-density of PTRS for MCS index corresponding to reserved TBS index is same as maximum MCS index associated with non-reserved TBS index but with same modulation order.
Proposal 9: For ECP, support reusing time/frequency densities of PTRS for CP-OFDM for NCP, and configuring MCS/BW thresholds for indicating presence/pattern of ECP PTRS by RRC signalling.
PTRS for DFT-s-OFDM
Proposal 10: For PTRS for DFT-s-OFDM, support predefined and RRC-configured association between presence/chunk-size/chunk-number and scheduled MCS/BW.

Proposal 11: Support mapping 2 PTRS chunks to head/middle of the DFT-s-OFDM symbols and FFS the case with 4 PTRS chunks.

Proposal 12: Support using pi/2 BPSK sequence for PTRS of DFT-s-OFDM at least when pi/2 BPSK is used for the scheduled data transmission.

Proposal 13: Support symbol-level time density of every 2nd symbol for PTRS for DFT-s-OFDM.
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