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Introduction
In RAN1#102e, several agreements were made on the evaluation and methodology for CSI enhancements for both mTRP and FR1 FDD reciprocity, in addition to a few more agreements that were made to help with categorizing the CSI enhancements as well as specifying the scope of this WI. In this contribution our views are provided on CSI enhancements under mTRP/panel transmission, as well as CSI enhancements under FR1 FDD reciprocity based on the class of Type-II Port Selection codebooks.
CSI Reporting for DL multi-TRP/Panel Transmission
In RAN1#102e [1], the following agreements were made for CSI enhancements under multi-TRP transmission:
	Agreement
For CSI enhancement for multi-TRP, study following aspects taking into account trade-off among UE complexity, performance and reporting/RS overhead
· Category 1 - For a reporting setting CSI-ReportConfig, more than one CSI-RS port groups in a resource or resources or resource sets are associated to different TRPs/TCI states,  
· the UE will determine CSI reporting quantities based on pre-defined/indicated/configured/UE-selected  channel and interference hypotheses across TRPs /TCI states
· and then report one or more CSIs within a single CSI report.   
· Category 2 – Within an implicit/explicit set of reporting settings CSI-ReportConfigs, which are associated to different TRPs/TCI states,  
· the UE will determine CSI reporting quantities based on pre-defined/indicated/configured/ UE-selected  channel and interference hypotheses 
· and then report multiple CSIs with multiple CSI reports (including one or more CSIs per report or selected CSI with single CSI report)
· Other enhancement are not excluded, e.g.  CQI enhancements for multi-TRP transmission including CQI format, CQI reporting mechanism
Note that companies are encouraged to clarify applicable transmission schemes/scenarios and strive to unify Rel-17 MTRP CSI framework enhancements.



In principle, NCJT can operate under systems with either ideal or non-ideal backhaul between TRPs, where scenarios with non-ideal backhaul are usually restricted to multi-DCI mTRP. Some companies have suggested that the CSI enhancements for mTRP in this WI should only target mTRP transmission under single DCI, since the resources used by the TRPs under multi-DCI mTRP may be only partially overlapping, or non-overlapping at all. We believe the mTRP CSI enhancements for this WI should not be limited to single-DCI mTRP scenarios only, especially that the multi-DCI setup is adopted in other scenarios as well, including inter-cell mTRP that is currently being discussed in Rel. 17 under AI 8.1.2.2. 
CSI enhancements under multi-DCI mTRP may be applicable for inter-cell mTRP along with intra-cell mTRP scenarios
Discuss CSI enhancements for multi-DCI mTRP along with single-DCI mTRP


One way to prohibit the UE from reporting mTRP-based CSI feedback under a multi-DCI setup, e.g., when non-overlapping resources are planned to be used for both TRPs, is via introducing an RRC configuration that would instruct the UE whether to report CSI based on the mTRP CSI feedback framework. Details on how to configure the UE so it can toggle between single and mTRP CSI feedback approaches are FFS.
The UE should be configured by the network to report mTRP-based CSI feedback under multi-DCI setup 
Also, it was agreed in RAN1#102e to consider two frameworks for mTRP CSI feedback: 
· Category 1 with a single CSI Report Configuration, where the UE feeds back a single CSI report corresponding to all TRPs and all the channel hypotheses selected by the UE.
· Category 2 with one or more CSI Report Configuration(s), where the UE feeds back multiple CSI reports, where each report may include CSI for more than one TRP or channel hypothesis, which may also be selected by the UE.

In our opinion, Category 1 seems to be more dependent on UE hypothesis selection to help reduce the CSI configuration and reporting into one CSI Report configuration with one corresponding CSI report. While UE-assisted hypothesis selection may help reduce the overall complexity and overhead, it would restrict the network capability in optimizing the available scheduling resources across different TRPs, via forcing a UE-selected transmission hypothesis that may not match the network preferences. Category 2, on the other hand, allows the UE to send multiple CSI reports with more flexibility in terms of the UE hypothesis selection. Restrictions can be made on the maximum number of CSI reports/Report Configurations so as to set limits on the UE complexity. Given that, we support Category 2 as a starting point for the discussion.
Limiting the mTRP CSI framework to a single CSI report would lead to extreme restrictions on the network in terms of hypothesis selection based on the available scheduling resources
Support Category 2 CSI feedback as a starting point
One other aspect that is strongly tied to the CSI framework categorization into either a single CSI report or multiple CSI reports is the CSI report structure. Taking into account PMI only, reporting CSI for all channel hypotheses for a scenario with 3 TRPs would require reporting 9 PMI (3 PMI under the assumption of single-TRP hypotheses, and a pair of PMIs for each of the three possible joint transmission hypotheses). In general, a system with K TRPs would require reporting up to K2 PMIs. Obviously, a setup in which a CSI report includes up to 9 PMIs is not practical, and neither is a setup with 9 separate CSI reports. Hence, achieving a reasonable tradeoff in CSI report design that balances between having one complex CSI report and having numerous (yet less complex) CSI reports is needed. One reasonable design objective is to limit the number of CSI reports to be within either the number of selected channel hypotheses, i.e., nCSI-reports≈nHypotheses or the number of TRPs involved in mTRP scenarios, i.e., nCSI-reports≈nTRP. 
A balanced CSI report design is needed in order to achieve reasonable tradeoff between having one complex CSI report and a large number of less complex CSI reports
The number of CSI reports fed back should be limited to within the number of channel hypotheses or the number of TRPs
Another aspect of CSI reporting under mTRP that needs careful consideration is the content of each CSI report. For instance, one CSI report may include all CSI corresponding to one channel hypothesis, e.g., for NCJT, one CSI report would include joint CSI for both TRPs involved in joint transmission, or alternatively one CSI report may include all CSI corresponding to one TRP, e.g., one CSI report is fed back to one TRP, including CSI for single-TRP transmission and the CSI for the same TRP under joint transmission with other TRPs. In general, it seems more feasible that under single-DCI mTRP a CSI report would include joint CSI per hypothesis, whereas under multi-DCI mTRP a CSI report would include all CSI corresponding to one TRP.
Joint CSI reporting content should be discussed under different mTRP configurations
[image: ]
[bookmark: _Ref47523460]Figure 1: CSI Reporting in the presence of 3 TRPs for single-TRP and multi-TRP channel hypotheses
In light of the prior discussion, one example of a CSI feedback framework that can be used as a starting point for the discussion is provided in Figure 1. For a system with K TRPs, the CSI reports corresponding to different hypotheses can be structured as follows
1) The UE computes PMI/RI for each TRP k where k=1,…K, assuming single TRP transmission with rank vk
2) For each TRP k, the PMI corresponding to each of the vk layers are partitioned into two sets of layers, v’k and v”k layers, where vk= v’k + v”k.
3) PMI/RI information corresponding to each of the v’k, v”k layers are fed back in separate CSI reports, i.e., a maximum number of 2K CSI reports are fed back.
4) Each channel hypothesis is parametrized by two CSI reports: For single-point transmission with TRP k, the network would utilize the two CSI reports corresponding to the v’k, v”k layers, respectively. For NCJT between two TRPs k, j, the network would utilize the two CSI reports corresponding to the v’k, v’j,layers.
Example: For the case with 3 TRPs under possible NCJT transmission, 6 CSI reports are fed back as follows
CSI report 1: CSI corresponding to the first v’1 layers for TRP 1
CSI report 2: CSI corresponding to the last v”1 layers for TRP 1 
CSI report 3: CSI corresponding to the first v’2 layers for TRP 2 
CSI report 4: CSI corresponding to the last v”2 layers for TRP 2 
CSI report 5: CSI corresponding to the first v’3 layers for TRP 3
CSI report 6: CSI corresponding to the last v”3 layers for TRP 3 
In case of single-point transmission with TRP 2, CSI reports 3,4 are utilized to create the codebook. On the other hand, for NCJT transmission between TRP 1 and TRP 3, CSI reports 1,5 are utilized.
Note that for this approach to achieve reasonable performance, the precoder corresponding to the last v”k set of layers may be designed conditioned on the precoder corresponding to the first set of layers v’k, so as to ensure the inter-layer interference is minimized. Also, this CSI reporting design can be straightforwardly reduced by enforcing the number of layers corresponding to any of the CSI reports to zero, and hence omitting a subset of the CSI reports, as well as their corresponding hypotheses. Also, some of the CSI reports can be reported jointly to reduce the overall number of CSI reports. Details on the limitations that should be set on the number of CSI reports as well as the number of channel hypotheses considered are FFS. 
CSI feedback corresponding to each TRP is decomposed to up to two CSI reports, each including information corresponding to two different sets of layers
One other aspect that needs consideration for mTRP CSI framework is CQI reporting. Under multiple hypotheses, CQI should be reported for each hypothesis, which would lead to further increasing the CSI Part 1 overhead, especially under WB+SB CQI reporting. Under CSI reporting for multiple hypotheses, one may consider joint CQI feedback across different hypotheses, i.e., report joint CQI indicators instead of fully reporting multiple sets of CQI values. Details on how joint CQI indicators are reported is FFS.
CQI feedback overhead can scale with the number of channel hypotheses
Consider CQI enhancements that enable joint CQI reporting for different hypotheses
Type-II Port Selection Codebook Enhancement
[bookmark: _Hlk53958228]In RAN1#102e [1], the following preliminary agreements were made for CSI enhancements under FDD channel reciprocity in FR1:
	Agreement
Taking Type II port selection codebook enhancement (based on Rel.15/16 Type II port selection) as a starting point, study following aspects, taking into account trade-off among UE complexity, performance and reporting/RS overhead: 
· Enhancement on codebook structure, e.g.,:   
· (Alt 1)Enhancement based on R16 Type II PS CB type structure 
· Enhancements on W1 quantization, e.g., 
· With enhanced port selection in W1  
· With modified value range of L taking into account beamforming mechanism for CSI-RS;
· With layer-specific port selection
· Enhancements on Wf quantization, e.g., 
· With a smaller value of Mv 
· With a modified value range of R
· With multiple values of Mv for different SD basis
· With enhanced FD basis selection in  Wf 
· Restrictions/Relaxation, e.g. 
· for the size of the PMI indicators for SD basis, FD basis and bitmap.
· How UE distinguishes SD basis and FD basis or in a pre-defined set
· Enhancement on W2 quantization: coefficients for selected ports
· (Alt 2)Enhancement based on R15 Type II PS CB type structure 
· Enhancement on W1 quantization, e.g.,: enhanced port selection, X out of P SD-FD pairs are selected 
· XP (if polarization independent) or P/2 (if polarization common) whereas P  PCSI-RS  only or P can be larger than PCSI-RS 
· How to map P SD-FD pairs into PCSI-RS CSI-RS ports and inform to UE
· Enhancement on W2 quantization: coefficients for the selected X pairs 
· etc.
· Enhancements on indication/reporting mechanism, e.g.: 
· Separate triggering for reporting of  W1 and Wf  (for Alt 1) or reporting of W1 and the rest of the PMI components (for Alt 2)
· Report only a subset of PMI components 
· Enhancement on SD/FD basis indication, selection and reporting mechanism 
· UE reporting to support gNB calibration including UL/DL time difference;
· CQI enhancements, e.g., CQI reporting mechanism considering FDD reciprocity
· etc.
· Enhancements on RS triggering/signaling/transmission mechanism, e.g. for SRS and/or CSI-RS, CSI-RS utilization conveying one or more SD-FD pairs per port, timing restrictions between SRS and CSI-RS transmission, etc
· Other enhancements are not excluded



 Some companies have proposed to use Rel. 15 Type-II Port Selection Codebook as a starting point for the FDD reciprocity codebook. We do not believe the Rel. 15 Type-II Port Selection Codebook is a good basis for the new reciprocity codebook, since the Rel. 16 codebook can be regarded as a generalization over the Rel. 15 codebook that can handle both its WB and SB codebook reporting modes via varying the frequency compression parameter pv [2]. Also, it was concluded in the Rel. 16 MIMO discussions that Rel. 16 Type-II codebook outperforms Rel. 15 Type-II codebook in both throughput and CSI feedback overhead. Given that, we believe Rel. 16 Type-II codebook should be the baseline for the FDD reciprocity codebook
The motivation to use Rel. 15 Type-II port selection codebook is not clear since it is regarded as a special case of Rel. 16 Type-II port selection codebook, which achieves higher throughput with less CSI feedback overhead
Consider Rel. 16 Type-II port selection codebook as the starting point for FDD reciprocity codebook
Also, some companies have discussed whether the CSI-RS beamforming is UE specific or cell specific. In our understanding, the design of Rel. 15 Type-II Port Selection codebook implies that each CSI-RS port is beamformed on a UE-specific basis, and thereby the Port Selection matrix has a special structure, e.g., for PCSI-RS=16, L=2, up to 4 UEs can be served simultaneously, where for example UE k can be assigned beamformed CSI-RS ports 2k, 2k+1, 2k+8, 2k+9 via the port-selection codebook.
Discussion on whether the CSI-RS beamforming is UE-specific or cell-specific is irrelevant and is already implied from the Port Selection matrix design of both Rel. 15 and Rel. 16 Type-II port selection codebooks
As discussed in our prior contribution document for Rel. 17 CSI enhancements [3], FDD channel reciprocity can be exploited to achieve both spatial and frequency beamforming such that the CSI-RS beamforming helps flatten the channel response, i.e., a codebook with M=1 (WB codebook) would suffice to realize most the performance of  sub-band based CSI reporting, at least theoretically. In more detail, looking back into the Rel. 16 port selection codebook, the design of the CSI-RS beamforming matrix G(n) is made generic. Assume a simplified model with a single antenna port at the UE and a ULA of M antennas with spacing d at the gNB, and wavelength , the UL and DL channel models with duplexing distance of ∆F for sub-band n can be rewritten as


where P is the number of paths,   are the complex gains for path p in UL and DL channels, respectively, and m is the gNB antenna port index. τp, θp are the delay and AoA of path p, respectively, and ∆f is the sub-band spacing. In light of this model, the gNB would obtain the delays and angles of arrival of each path and use it in CSI-RS beamforming matrix, which can possibly be designed as follows

For K≥P, such design would enable steering each CSI-RS port towards a given path. The received CSI-RS symbol sk corresponding to a simplified noiseless channel would then be as follows

The received signal can then be averaged (across sub-bands) as follows

where the second term would vanish for richly scattered environments. The UE would then be able to estimate  and report it to the gNB in the CSI feedback report, and hence construct the DL channel, given its knowledge of τp, θp thanks to the UL/DL channel reciprocity. For such scenario, one amplitude and one phase value are required to be reported corresponding to each CSI-RS port. Clearly, this model fits into Rel. 16 port selection codebook with M=1, i.e., WB reporting. Note that the second term (*) would not vanish for all channel conditions, which may require reporting more than one magnitude/phase pair per port, i.e., M>1.
Under strong UL/DL channel reciprocity, the gNB can deduce the delays and angles of arrivals based on SRS transmission, however the complex path gains cannot be deduced from UL SRS transmission
Introduce additional parameter values for Rel. 16 Type-II port selection codebook, e.g., include WB reporting with M=1
Note that the robustness of the analysis above is dependent on the channel reciprocity strength, i.e., the correlation between SRS-based channel estimates and the beamformed CSI-RS based channel estimates. Such correlation is significantly impacted by the time gap between the SRS transmission and the beamformed CSI-RS transmission. Clearly, the larger the time gap between the SRS and beamformed CSI-RS transmission, the weaker the channel reciprocity. In addition, other channel impairments, e.g., channel calibration and estimation errors, would further weaken the correlation between the UL and DL channel estimates.  
UL/DL channel reciprocity strongly depends on the time gap between the SRS and beamformed CSI-RS transmissions
In order to ensure strong correlation between UL and DL channels and hence assume the channel reciprocity still holds with higher reliability, one solution would be limiting the time gap via DCI triggering between SRS transmission and beamformed CSI-RS transmission to x slots, where the value of x is FFS. Alternatively, the CSI-RS beamforming for the reciprocity-based codebook should be based on channel estimates from aperiodic SRS which are triggered for transmission within a few slots from the transmission of the beamformed CSI-RSs. 
Aperiodic SRS triggering is needed in conjunction with the beamformed CSI-RS for the reciprocity-based codebook, with a limited time gap between the transmission of both RSs
Note that the aforementioned solution only resolves reciprocity problems due to temporal correlation issues, but does not alleviate other channel impairments that weaken the reciprocity, which are only known at the UE side. A solution that would resolve these issues altogether is via configuring the codebook with two parameter combination sets, e.g., {L(1), pv(1), β(1)} and {L(2), pv(2), β(2)}, where one parameter combination set is used under strong reciprocity, e.g., Parameter combination Set 1 with fewer FD basis indices with pv(1) corresponding to Mv=1, whereas a second parameter combination set is used under weaker reciprocity, e.g., Parameter combination Set 2 with pv(2) corresponding to Mv>1. The UE can then help select the appropriate parameter combination set, since the UE can assess the channel reciprocity strength based on the channel characteristics corresponding to the received beamformed CSI-RSs. Details are FFS.
Introduce two sets of parameter configurations that model both strong and weak channel reciprocity, where the UE can select one of the parameter configuration sets based on the strength of the channel reciprocity
Conclusion
This contribution addressed CSI enhancements for NR Rel. 17, including enhancements for NCJT as well as CSI enhancements under FDD channel reciprocity in FR1. 
For CSI enhancements for NCJT multi-TRP, we have the following observations:
1. CSI enhancements under multi-DCI mTRP may be applicable for inter-cell mTRP along with intra-cell mTRP scenarios
1. Limiting the mTRP CSI framework to a single CSI report would lead to extreme restrictions on the network in terms of hypothesis selection based on the available scheduling resources
1. A balanced CSI report design is needed in order to achieve reasonable tradeoff between having one complex CSI report and a large number of less complex CSI reports
1. CQI feedback overhead can scale with the number of channel hypotheses
Based on the observations above, we have reached the following conclusions for CSI enhancements under NCJT:
1. Discuss CSI enhancements for multi-DCI mTRP along with single-DCI mTRP
1. The UE should be configured by the network to report mTRP-based CSI feedback under multi-DCI setup
1. Support Category 2 CSI feedback as a starting point
1. The number of CSI reports fed back should be limited to within the number of channel hypotheses or the number of TRPs
1. Joint CSI reporting content should be discussed under different mTRP configurations
1. CSI feedback corresponding to each TRP is decomposed to up to two CSI reports, each including information corresponding to two different sets of layers
1. Consider CQI enhancements that enable joint CQI reporting for different hypotheses

For CSI enhancements under FDD channel reciprocity in FR1, we have the following observations: 
1. The motivation to use Rel. 15 Type-II port selection codebook is not clear since it is regarded as a special case of Rel. 16 Type-II port selection codebook, which achieves higher throughput with less CSI feedback overhead
1. Under strong UL/DL channel reciprocity, the gNB can deduce the delays and angles of arrivals based on SRS transmission, however the complex path gains cannot be deduced from UL SRS transmission
1. UL/DL channel reciprocity strongly depends on the time gap between the SRS and beamformed CSI-RS transmissions
Based on the observations above, we have reached the following conclusions for CSI enhancements under FDD channel reciprocity in FR1:
1. Consider Rel. 16 Type-II port selection codebook as the starting point for FDD reciprocity codebook
1. Discussion on whether the CSI-RS beamforming is UE-specific or cell-specific is irrelevant and is already implied from the Port Selection matrix design of both Rel. 15 and Rel. 16 Type-II port selection codebooks
1. Introduce additional parameter values for Rel. 16 Type-II port selection codebook, e.g., include WB reporting with M=1
1. Aperiodic SRS triggering is needed in conjunction with the beamformed CSI-RS for the reciprocity-based codebook, with a limited time gap between the transmission of both RSs
1. Introduce two sets of parameter configurations that model both strong and weak channel reciprocity, where the UE can select one of the parameter configuration sets based on the strength of the channel reciprocity
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