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1. Introduction

In RAN1 NR #3 meeting, the following agreements on PT-RS have been achieved [1]:
Agreement:

For both contiguous and non-contiguous scheduling for the purposes of selecting RBs for mapping PTRS for CP-OFDM: 

· N_RB is interpreted as the number of scheduled RBs

· The scheduled RBs are indexed as 0 to N_RB-1 from the one with lowest PRB index to the one with highest PRB index

The same PT-RS frequency density table is used for contiguous and non-contiguous scheduling where N_RB is the scheduled BW.
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 signaling. 

· 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
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
In RAN1 NR #90 meeting, the following agreements on PT-RS have been achieved [2]:
Agreements:

· For DL, if one PT-RS port is configured for an DM-RS port group, 

· For 1 CW case, the PT-RS port is associated with the lowest DM-RS port index among the ports assigned to the DMRS port group for PDSCH demodulation.

· For 2 CW case, down-selected between

· Alt.1: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS.

· If MCS of the 2 CWs is the same, CW 0 is selected

· Alt.2: The PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation (across both CWs)

· FFS: UE can provide some information to facilitate gNB to map the PT-RS port onto the layer with higher received SINR.

· FFS: information details, e.g. signaling carried by MAC-CE or UCI, UL signal e.g. SRS
· FFS: Which subcarrier to be used for PTRS mapping in RB assigned to contain PTRS
In this contribution, the issues related to PT-RS design are discussed. First of all, the association between PT-RS and DMRS especially for 2 CWs case, the subcarrier in the RB where PTRS is mapped and mapping of PT-RS to RBs among the scheduled RBs are analyzed, separately. Secondly, configuration of pre-DFT PTRS insertion for DFT-s-OFDM is studied. Then, PT-RS designs for DL and UL MU-MIMO are investigated, respectively. Finally, the conclusions are given. This contribution is revised from R1-1716052.
2. Details for the association between PT-RS and DMRS 
The effect of phase noise on OFDM-based systems is its induced common phase error (CPE) and inter-carrier interference (ICI). The received signal on the k-th subcarrier affected by phase noise can be expressed as:
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PT-RS is mainly used to estimate CPE in Equ. (1).
It has been agreed that association between one PT-RS port and one DMRS port per DMRS port group is supported, and that UE can assume same precoding for a DMRS port and a PT-RS port. Furthermore, front-loaded DMRS is supported for fast decoding and additional DMRS in addition to front-loaded DMRS is supported for high-speed/high Doppler scenario. 
The reason why PT-RS should be associated with DMRS is explained as follows:
It is noted that PT-RS is mainly used to track the phase variation in the time domain, i.e., J0 in Equ. (1), and therefore the channel Hk   should be the same or at least slow-varying in the time domain for PT-RS to only track the CPE variation in a slot. Otherwise, if Hk  is also fast-changing and time-varying in every symbol, PT-RS is unable to track the phase variation alone and that is the reason why additional DMRS is introduced to update the channel. If phase noise is also a problem, for example in high-speed and high-frequency scenario, PT-RS port should be associated with the newly inserted additional DMRS port, instead of the front-loaded DMRS port, in order to track the phase variation under the condition that the channel is the same or at least slow-varying as that of the additional DMRS in the time domain until the next DMRS appears. 
The physical meaning of the association between one PT-RS port and one DMRS port per DMRS port group:
· UE is able to infer phase variation relative to the latest symbol carrying the associated DMRS port, based on the PT-RS on the following symbols.
· The phase rotation is common for all DMRS ports in the DMRS port group.
RAN1 may need to consider if the above clarification shall be clarified in specification.

Association between one PT-RS port and one DMRS port per DMRS port group for 2 CWs case:
It has been agreed in the RAN1#90 that for DL, if one PT-RS port is configured for a DM-RS port group, and for 1 CW case, the PT-RS port is associated with the lowest DM-RS port index among the ports assigned to the DMRS port group for PDSCH demodulation. The remaining issue is how to associate PT-RS port with DM-RS port group for 2 CWs case.  
The difference between 1CW and 2CWs is that 1CW can support 1-4 layers while 2CWs can support 5-8 layers, and the MCS may be different between 2 CWs. However, as long as the layers share a common local oscillator (LO), no matter it’s 4 or 8 layers, there will be only a single phase noise process that needs to be estimated, and thus only a single PT-RS port is enough to track this single phase noise process for all the layers (note that each PTRS port aims to estimate the phase variation incurred by an independent LO). Therefore, it is enough that the PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS, and the association across both CWs is not necessary since this increases PTRS overhead as well as signaling and receiver complexity. Moreover, if the association is across both CWs, this is very much like the case that ‘the PT-RS port is associated with one DL DM-RS port in the DL DM-RS port group in a RB, where the one DL DM-RS port may vary across RBs’, i.e., Alt 2 in [3], which has been agreed to be not supported in RAN1#90. 
In summary, for 2 CWs case, considering that Alt.1 is better than Alt.2 in terms of both overhead and complexity, Alt.1 should be supported. 
· Proposal 1: For 2 CW case, support Alt.1, i.e., the PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS. FFS multiple LOs case. 
The subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port:
It has been agreed that if one PT-RS port is configured for a DM-RS port group, and for 1 CW case, the PT-RS port is associated with the lowest DM-RS port index among the ports assigned to the DMRS port group for PDSCH demodulation. In consideration of this, for the subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port, it is also preferred that the subcarrier may be fixed to the smallest or largest subcarrier index to reduce the signaling overhead. 
Moreover, the phase noise variation within a PRB is marginal if CPE is considered, which means the exact PTRS subcarrier location within a PRB is trivial. Therefore the simplest alternative should be adopted. From this perspective, Alt.3b and 4 may be overcomplicated designs. Moreover, it should be mentioned that PT-RS presence is UE-specific, which means that it is not very useful to allocate PT-RS subcarrier based on cell-ID, since the inter-cell-interference issue is much less severe for UE-specific signals compared with cell-specific signals, i.e., the gain of Alt. 3a is unclear. 
Therefore, the alternatives should be down-selected between Alt.1, i.e., fixed to smallest subcarrier index k and Alt.2, i.e., default is fixed to largest subcarrier index k and can be configured to other subcarriers by higher layer signaling. From our perspective, Alt.1 is more preferred. 
· Proposal 2: For the subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port, the alternatives should be down-selected between Alt.1 and Alt.2. Alt.1 is more preferred.
Mapping of PT-RS to RBs among the scheduled RBs for DL and UL:
As we discussed before, phase noise frequency domain variation is small for a couple of RBs, therefore simple specification is preferred for RB offset. 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 also preferred at least in Rel. 15. 
· Proposal 3: For mapping of PT-RS to RBs among the scheduled RBs for DL and UL, support Alt.1, i.e., RB offset is fixed (e.g., RB offset=0) in Rel. 15
3. Pre-DFT PTRS insertion for DFT-s-OFDM
In RAN1#90 the chunk-based pre-DFT PTRS insertion for DFT-s-OFDM systems has been agreed. The number of chunk X, the chunk size K, and the configuration of both X and K are all still left to be decided. It has been agreed in the last meeting that the supported values for X (number of chunks/DFT-s-OFDM symbol) are at least 2 and 4.When X=2 is configured, i.e., only two chunks are adopted, it is preferred that the two chunks are placed as equally as possible to better perform the interpolation. 
If multiple DFT-s-OFDM symbols can be jointly processed at the receiver, as shown in Fig. 1(the same applies to Alt. 3 and Alt. 4), then Alt. 2, Alt. 3 and Alt. 4 are more preferred since the chunks are evenly placed to facilitate the interpolation except for the two edge parts of the DFT-s-OFDM symbols containing PTRS. However, jointly processing requires more buffer size and processing delay. Among Alt. 2, Alt. 3 and Alt. 4, Alt. 4 is more preferred since the interpolation density within one symbol and between adjacent symbols is the same as Alt. 2 and Alt. 3, while the extrapolation length at the edge parts of Alt. 2 and Alt. 3 are longer than that of Alt. 4. 
If only one DFT-s-OFDM symbol can be processed at one time at the receiver, as shown in Fig, 2, only Alt. 1 requires no extrapolation. The advantages of separate processing are that it can both save the buffer size and reduce the delay. 
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Fig.1. Alt. 2: chunks are placed middle/tail of the DFT-s-OFDM symbols containing PTRS
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Fig.2. Alt. 1: chunks are placed head/tail of the DFT-s-OFDM symbols containing PTRS
Therefore, if joint processing can be supported at the receiver, then Alt. 4 is more preferred; If only one DFT-s-OFDM symbol can be processed at one time then Alt. 1 is more preferred. 
· Proposal 4: For chunk-based pre-DFT PTRS insertion for DFT-s-OFDM, When X=2 is configured, if joint processing can be supported at the receiver, then Alt. 4 is more preferred; If only one DFT-s-OFDM symbol can be processed at one time then Alt. 1 is more preferred. FFS further down-selection. 
For time-domain PTRS density for DFT-s-OFDM, at least the same time-domain PTRS density for CP-OFDM should be supported, i.e., time-domain PTRS density=0, 1, 1/2, 1/4 depending on scheduled MCS. Considering the low-PAPR advantage of DFT-s-OFDM and the use case of DFT-s-OFDM, i.e., cell-edge, low-rank and low MCS case, it is possible that the time-domain PTRS density for DFT-s-OFDM can be further reduced, at least for some scheduled BW and/or some MCS. 
· Proposal 5: For DFT-s-OFDM, at least the same time-domain PTRS density for CP-OFDM should be supported.  It is possible to support further reduced PT-RS time domain density for DFT-s-OFDM considering PT-RS overhead reduction, however the specification impact should be minimized.
4. PT-RS design for DL MU-MIMO 

For high frequency systems, massive MIMO is adopted to perform beamforming in order to compensate for the high path loss. Hybrid RF/analog + digital beamforming instead of full digital beamforming is proposed in high frequency bands, both at the base station and UE side, as a promising and practical architecture for optimal tradeoff between cost and performance. However, even hybrid RF architecture requires multiple RF channels to support multi-layer/multi-user transmission, where different local oscillator (LO) configurations that are adopted to complete up/down frequency conversion in different scenarios may affect the PT-RS design.
There are generally three LO configurations for high-frequency communication systems:
· Case 1: For all panels, a single high-frequency LO signal is generated centrally and distributes it throughout all the RF channels/antenna elements, as shown in Fig.3.
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Fig.3. LO configuration for Case 1
For Case 1, there is only a single phase noise process generated across all panels. For MU-MIMO transmission, since phase noise estimation result cannot be shared among UEs, even though there is only a single phase noise process, a single PT-RS port is required for each UE. Furthermore, in order to avoid interference among UEs, the PT-RS ports among UEs should be orthogonal (FDM or CDM, it is noted that TDM is not considered here because if PTRS is continuous in the time domain, TDM is not possible). However, if perfect space division multiplexing among UEs can be achieved, for example by using beamforming, non-orthogonal multiplexing of PTRS/PTRS among UEs maybe supported.
· Proposal 6: For Case 1 MU-MIMO transmission, support orthogonal multiplexing of PTRS/PTRS among UEs, i.e., PT-RS should be orthogonally transmitted on each layer. Non-orthogonal multiplexing of PTRS/PTRS among UEs is FFS. The specification impact of PT-RS in MU-MIMO is FFS.
· Case 2:   All the RF channels/antenna elements/panels share one single low-frequency reference signal as Case 1, but separate PLLs + VCOs are used to independently generated high-frequency LO signals for each panel, as shown in Fig.4.
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Fig.4. LO configuration for Case 2
For Case 2, a single phase noise process is generated for each panel. However, some kind of correlations may exist among those phase noise processes since a shared low-frequency reference signal is adopted. Genie phase noise estimation and compensation schemes may take advantages of such phase noise characteristic to facilitate and simplify PT-RS design. 
For MU-MIMO transmission, if only a single panel is adopted, the scenario is the same as Case 1 MU-MIMO transmission. If multi panel is adopted and each panel is used to support one UE, even though some kind of correlations may exist among those phase noise processes, phase noise estimation result cannot be shared among UEs. Therefore, in order to avoid interference among UEs, the PT-RS ports among UEs should be orthogonal, i.e., transmitted on each layer, FFS FDM or CDM.

· Proposal 7: For Case 2 MU-MIMO transmission, support orthogonal multiplexing of PTRS/PTRS among UEs. Non-orthogonal multiplexing of PTRS/PTRS among UEs is FFS. The spec impact due to MU-MIMO is FFS.
· Case 3: Each panel uses its own low-frequency reference signal + PLL + VCO to generate its own high-frequency LO signal, as shown in Fig.5.
For Case 3, a single phase noise process is generated for each panel and these phase noise processes among panels are completely independent.
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Fig.5. LO configuration for Case 3
For MU-MIMO transmission, no matter single panel or multi panel is adopted, since phase noise processes among panels are completely independent, The PT-RS ports among UEs should be orthogonal to avoid interference (FDM or CDM). The PT-RS due to multiple panels should be orthogonal as well.
· Proposal 8: For Case 3 MU-MIMO transmission, support orthogonal multiplexing of PTRS/PTRS among UEs. Non-orthogonal multiplexing of PTRS/PTRS among UEs is FFS. The spec impact due to MU-MIMO is FFS.
In summary, for the above-mentioned three Cases, the following proposals can be achieved:
· Proposal 9: For DL CP-OFDM MU-MIMO transmission, PT-RS is transmitted on each spatial layer (orthogonal PT-RS). Non-orthogonal multiplexing of PTRS among UEs is FFS. The spec impact due to MU-MIMO is FFS.

· Proposal 10: For Case 1, one PT-RS port per UE is supported. For Case 3, the number of PT-RS port per UE equals to the number of independent LO associated with the UE. For Case 2, the number of PT-RS port per UE maybe in between Case 1 and Case 3 (depending on specific phase noise estimation and compensation algorithm), and non-orthogonal multiplexing of PT-RS between different layers can be considered.
5. PT-RS design for UL MU-MIMO 

As shown in Fig. 6, each UE has its own LO, and the LOs among UEs are basically independent from each other. Therefore, the baseline for PT-RS design in UL MU-MIMO case is that there should be at least one PT-RS port for each UE if only a single LO is adopted in each UE. It is noted that each PTRS port aims to estimate the phase variation incurred by an independent LO of each UE. Since there is no correlation among these LOs, these PT-RS ports among UEs cannot share their information at the gNB side. Therefore, basically speaking, one PT-RS port’s information cannot be used to help estimating or understanding any other PT-RS ports from the point of view of gNB, even if gNB can receive all these uplink PT-RS ports. In summary, since one PT-RS port is seen as interference to any other PT-RS ports, they should be orthogonal to avoid interference. 
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Fig.6. UL MU-MIMO case
However, there may be some special cases that the orthogonal rule may not be complied with. For example, these scheduled UEs have difference channel quality and therefore, difference MCS level may be scheduled for each UE. For low MCS UEs who use BPSK or QPSK, PT-RS may not be needed or they can endure more interference level than high MCS UEs who use 64QAM or higher. Therefore, high MCS UE may use the corresponding REs for PT-RS of low MCS UE to transmit data to increase the throughput. 
· Proposal 11: Support orthogonal PTRS ports multiplexing among UL MU-MIMO UEs, i.e., PT-RS overhead increase proportionally to the number of co-scheduled UEs. Non-orthogonal PTRS ports multiplexing among UL MU-MIMO UEs is FFS.
6. Conclusions
In this contribution, CMCC’s consideration of PT-RS design is presented. The following proposals are achieved:
· For the association between one PT-RS port and one DMRS port per DMRS port group for 2 CWs case：
· Proposal 1: For 2 CW case, support Alt.1, i.e., the PT-RS port is associated with the lowest DM-RS port index among the DM-RS ports assigned for PDSCH demodulation of the CW with highest MCS. FFS multiple LOs case. 

· For the subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port:
· Proposal 2: For the subcarrier in the RB where PTRS is mapped among the subcarriers used for the associated DMRS port, the alternatives should be down-selected between Alt.1 and Alt.2. Alt.1 is more preferred.

· For mapping of PT-RS to RBs among the scheduled RBs for DL and UL:
· Proposal 3: For mapping of PT-RS to RBs among the scheduled RBs for DL and UL, support Alt.1, i.e., RB offset is fixed (e.g., RB offset=0) in Rel. 15
· For pre-DFT PTRS insertion for DFT-s-OFDM：
· Proposal 4: For chunk-based pre-DFT PTRS insertion for DFT-s-OFDM, When X=2 is configured, if joint processing can be supported at the receiver, then Alt. 4  is more preferred; If only one DFT-s-OFDM symbol can be processed at one time then Alt. 1 is more preferred. FFS further down-selection.
· Proposal 5: For DFT-s-OFDM, at least the same time-domain PTRS density for CP-OFDM should be supported. It is possible to support further reduced PT-RS time domain density for DFT-s-OFDM considering PT-RS overhead reduction, however the specification impact should be minimized.
· For the PT-RS design for DL MU-MIMO, the following proposals are achieved:

· Proposal 6: For Case 1 MU-MIMO transmission, support orthogonal multiplexing of PTRS/PTRS among UEs, i.e., PT-RS should be orthogonally transmitted on each layer. Non-orthogonal multiplexing of PTRS/PTRS among UEs is FFS. The specification impact of PT-RS in MU-MIMO is FFS.
· Proposal 7: For Case 2 MU-MIMO transmission, support orthogonal multiplexing of PTRS/PTRS among UEs. Non-orthogonal multiplexing of PTRS/PTRS among UEs is FFS. The spec impact due to MU-MIMO is FFS.
· Proposal 8: For Case 3 MU-MIMO transmission, support orthogonal multiplexing of PTRS/PTRS among UEs. Non-orthogonal multiplexing of PTRS/PTRS among UEs is FFS. The spec impact due to MU-MIMO is FFS.
In summary, for the above-mentioned three Cases, the following proposals can be achieved:
· Proposal 9: For DL CP-OFDM MU-MIMO transmission, PT-RS is transmitted on each spatial layer (orthogonal PT-RS). Non-orthogonal multiplexing of PTRS among UEs is FFS. The spec impact due to MU-MIMO is FFS.

· Proposal 10: For Case 1, one PT-RS port per UE is supported. For Case 3, the number of PT-RS port per UE equals to the number of independent LO associated with the UE. For Case 2, the number of PT-RS port per UE maybe in between Case 1 and Case 3 (depending on specific phase noise estimation and compensation algorithm), and non-orthogonal multiplexing of PT-RS between different layers can be considered.
· For the PT-RS design for UL MU-MIMO, the following proposal is achieved:
· Proposal 11: Support orthogonal PTRS ports multiplexing among UL MU-MIMO UEs, i.e., PT-RS overhead increase proportionally to the number of co-scheduled UEs. Non-orthogonal PTRS ports multiplexing among UL MU-MIMO UEs is FFS.
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