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Introduction
In RAN#86, a WI was agreed on further enhancements on MIMO framework for Rel. 17, including further enhancements on CSI measurement and reporting [1]. This contribution addresses enhancements for both CSI reporting under multi-TRP/panel transmission, as well as enhancements to Type-II Port Selection codebook based on channel reciprocity for (at least) FDD systems in FR1.
CSI Reporting for DL multi-TRP/Panel Transmission
In RAN#86 plenary meeting [1], it was agreed that the MIMO work item includes the following objective: 
“Evaluate and, if needed, specify CSI reporting for DL multi-TRP and/or multi-panel transmission to enable more dynamic channel/interference hypotheses for NCJT, targeting both FR1 and FR2”
For DL multi-TRP/panel transmission, CSI reporting is challenging due to the need for numerous channel hypotheses, each of which would require separate CSI reporting. For instance, CSI reporting for a system with three TRPs would require reporting 9 PMI (3 PMI under the assumption of single TRP CSIs, and a pair of PMI for each of the three possible joint transmission combinations). In general, a system with K TRPs would require reporting up to K2 PMI/RI/CQI, which leads to significant CSI feedback overhead. 
A system with K TRPs and/or Panels would require reporting up to K2 PMI/RI/CQI across multiple CSI reports corresponding to all possible hypotheses.
One approach that would reduce the CSI reporting overhead is via UE-assisted hypothesis selection, i.e., only a subset of the K2 PMI/RI/CQI are reported to reduce the overall CSI feedback overhead. While this approach appears viable, it restricts the network flexibility in selecting the appropriate hypothesis due to scheduling and/or network traffic considerations that the UE may not be aware of. In addition, this would require the UE to report additional information, e.g., a bitmap, that indicates the selected hypothesis, which may not be preferred.
Using UE-assisted techniques to reduce the CSI feedback via reporting the CSI for a subset of the hypothesis may not be preferable, since it restricts the network’s flexibility in selecting any of the hypotheses for scheduling and/or network traffic configurations, as well as requires reporting the selected hypotheses in at least one of the CSI reports.
For a system with K TRPs available with NCJT transmission, one alternative that would both help reduce the overall CSI feedback overhead and avoid reducing the channel hypotheses for which CSI is reported can be described in the following steps:
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, and v’k ≥1
3) PMI/RI information corresponding to each of the v’k, v”k layers are fed back in separate CSI reports, i.e., a total 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.
CSI feedback corresponding to each TRP is decomposed into two CSI reports, each including information corresponding to two different sets of layers.
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. The precoder corresponding to the first set of layers v’k should be quasi-orthogonal to those of other TRPs, i.e., precoders corresponding to the first set of layers v’j corresponding to all TRPs j, with j≠k. A pictorial view on the possible single TRP and NCJT hypotheses and how they are mapped to the CSI reports is provided in Figure 1, in light of the example with 3 TRPs shown above.
For each channel hypothesis, two CSI reports are needed to design the appropriate precoder, based on whether the hypothesis supports single TRP transmission or NCJT.
Alternatively, instead of feeding back multiple CSI reports to represent the channel under a given hypothesis, joint CSI reporting may be adopted, where a CSI report includes up to two sets of each of the CRI, PMI, RI, and LI. Each set would correspond to one of the two TRPs involved in NCJT, where the different sets of PMI and RI within one CSI report would take into consideration the inter-TRP interference incurring from NCJT mode.
Joint CSI reporting can be considered, where each CSI report includes up to two sets of CRI, PMI, RI, and LI. The CSI resource setting and CSI reporting setting are FFS.
Note that it may be helpful in case of NCJT between TRP k and j that |v’j - v’k|≤1 for all v’j + v’k >4, i.e., the difference in the number of transmitted layers between two TRPs in NCJT is no more than one, whenever the total number of layers exceeds 4, triggering the transmission of two codewords. This would enable mapping the layers from each TRP into a separate codeword, thereby simplifying the CQI process where one codeword is transmitted entirely from one TRP. 
For NCJT with transmission rank exceeding 4, the differences in the rank indicator fed back for CSI reports corresponding to two TRPs should not exceed one.
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[bookmark: _Ref47523460]Figure 1: CSI Reporting for different channel hypotheses in the presence of 3 TRPs for single-TRP (sTRP) and multi-TRP (NCJT)
In our contribution [2] in AI 8.1.2.4, the requirements to support HST-SFN were discussed. The large Doppler shift and Doppler spread in the HST-SFN scenario warrants a new single-DCI PDSCH transmission configuration with DMRS transmitted from multiple TRPs where one or more TCI states are mapped to the same set of DMRS port symbols. This is different from the Rel. 15 single DCI NCJT mode where different TCIs are mapped to different DMRS ports, and thus requires different CSI configuration, measurement and feedback. That said, there are still some similarities between the HST-SFN and the Rel. 16 NCJT transmission, however the main differences lie in how the TCI states are mapped to the DMRS (and further to the data layers), and how the interference is estimated under different hypotheses. The CSI enhancement design should explore such similarities and strive to support them in the same CSI framework.  
Strive to support Rel. 16 NCJT and Rel. 17 HST-SFN with the same CSI framework.
Type-II Port Selection Codebook Enhancement
In RAN#86 plenary meeting [1], it was agreed that the MIMO WI includes the following objective: 
“Evaluate and, if needed, specify Type II port selection codebook enhancement (based on Rel.15/16 Type II port selection) where information related to angle(s) and delay(s) are estimated at the gNB based on SRS by utilizing DL/UL reciprocity of angle and delay, and the remaining DL CSI is reported by the UE, mainly targeting FDD FR1 to achieve better trade-off among UE complexity, performance and reporting overhead”
NR Rel. 16 Port Selection Codebook
[bookmark: _Hlk47541132]Port selection codebook has been specified in NR Rel. 15 and Rel. 16 as high resolution (Type-II) codebooks [3]. For NR Rel. 16 port selection codebook, only K beamformed CSI-RS ports are transmitted from a gNB equipped with 2N1N2 antenna ports over N3 PMI sub-bands, where K ≤ 2N1N2, where a generic CSI-RS beamforming matrix G(n) of size 2N1N2xK is implied at the gNB for PMI sub-band n. The 2N1N2xN3 matrix per layer takes on the form
.
Note that G(n) is transparent to the UE.  is a layer-common Kx2L block-diagonal matrix with two identical diagonal blocks, i.e., 
                                                         		 
and E is an  matrix whose columns are standard unit vectors, as follows. 
, 
where  is a standard unit vector with a 1 at the ith location, and dPS is a network-configured parameter which takes on one of the values {1,2,3,4} under the condition dPS ≤ min(K/2,L), whereas mPS takes on the values  and is reported as part of the CSI feedback overhead. W3 is an N3xM matrix with columns selected from a size-N3 DFT matrix, where the indices of the M selected columns are reported. The 2LxM matrix  includes the linear combination coefficients (LCCs) of the codebook, where both  and W3 are layer-dependent. Only a fraction β<1 of the 2LM  LCCs are reported.
SLS Evaluation Assumptions
Prior to RAN1#102e meeting, an email discussion was held to discuss the SLS evaluation assumptions for Type-II port selection enhancement. Although there was consensus on most of the points addressed, there were still a few issues on which no consensus was reached, some of which are as follows
Issue 1: UL/DL reciprocity model
Two channel reciprocity models of DL/UL channels were debated in the email discussion: The model in TR 36.897 [4] (Sec. 5.3), and the model in TR 38.901 [5] (Sec. 7.6.5) with different DL/UL frequency. Mainly, two differences occur between both models: the per-cluster shadowing and the cross-polarization power ratios (XPR), which are identical for UL/DL channels in the former model, and independent for the latter. Note that independent per-cluster shadowing between UL/DL channels would lead to a discrepancy in the per-cluster channel powers between UL/DL. Unfortunately, it is difficult to verify which model is more accurate without extensive field measurements. In our opinion, adopting the simplified model in TR 36.897 with perfectly correlated per-cluster shadowing and XPR may lead to a defunct design of the prospective Rel. 17 codebook, which would yield poor performance in reality, unlike the simulations. Although it may be more insightful to address the problem analytically with the assumptions in the TR 36.897 model, the model in TR 38.901 should be considered for the simulations to account for more realistic scenarios with non-perfect or weaker reciprocity.   
Adopting the UL/DL reciprocity model in TR 36.897 may lead to a large performance gap between simulations and reality.
Adopt the channel reciprocity model in TR 38.901 Sec. 7.6.5.
Issue 2:  Frequency range
The carrier frequency as well as duplexing distance are two important parameters that may impact the performance evaluation in simulation results. We believe 4 GHz for the carrier frequency and 200 MHz for the duplexing distance are reasonable values. 
Support 4 GHz and 200 MHz for carrier frequency and duplexing distance, respectively.
Issue 3: Baseline for performance evaluation
Although NR port selection codebooks have been specified in both Rel. 15 and Rel. 16, no unified simulation framework has been agreed by different companies to evaluate its performance. For instance, the CSI-RS beamforming matrix G(n) is generic and its design is transparent to the specification. In our understanding, the main objective of this work item is making smart assumptions on the design of the CSI-RS beamforming based on UL/DL channel reciprocity that would enable reducing the CSI feedback overhead, or further simplify the CSI-RS transmission complexity, or both. We believe either the regular Type-II codebook or Type-I codebook are more convenient candidates as baselines for the performance evaluation, since their design and parameter settings have been more common in simulation efforts for NR codebook design in prior releases. 
Agreeing on a default design for Rel. 16 port selection codebook to be used as a baseline for evaluation may not be straightforward due to the lack of a common simulation framework pursued for Rel. 16 Type-II Port Selection Codebook.
Use Type-I codebook or Rel. 16 Type-II codebook as a baseline for performance evaluation.

Reciprocity-based Port Selection Codebook Design
In order to exploit the UL/DL channel reciprocity, it should be ensured that the UL channel estimate on which the CSI-RS beamforming is based on is highly correlated with the DL channel. One way to ensure that is via triggering aperiodic SRS transmission prior to the transmission of the CSI-RSs, so as to ensure the time gap between the SRS transmission and the CSI-RS transmission on which the CSI feedback report is as small as possible, such that the correlation between the UL and DL channels are still maintained. Note that a time gap between the SRS and CSI-RS transmissions is inevitable, since sufficient processing time is necessary for computing the CSI-RS beamforming matrix G(n) using the SRS-based channel estimate. This would require triggering aperiodic SRS transmission to ensure an appropriate time gap between SRS and CSI-RS transmission is maintained.
The time gap between the SRS transmission and CSI-RS transmission should be configured to ensure the UL/DL channel reciprocity is not impacted by temporal channel variations.
Aperiodic SRS triggering is needed in conjunction with the aperiodic CSI-RS for reciprocity-based port selection codebook.
Regarding the reciprocity-based port-selection codebook design, at least two design approaches are available, as follows:
Alt 1. New framework for the codebook design
[bookmark: _Hlk47481850]This includes codebook designs that would repeal the current codebook framework via introducing a new structure of the codebook, e.g., more explicit reporting of the channel coefficients. In our opinion this direction would consume more time for specification development, in addition to being more challenging in implementation on new devices.
Introducing a new codebook framework may consume more time for specification development and potential implementation challenges.
Alt 2. Reuse the port selection codebook design framework
This includes reusing the structure of the port selection codebook provided in Rel. 16, with possibly introducing additional parameters and/or parameter values. We believe this approach is more suited from both specification and implementation perspectives. Moreover, the Rel. 16 port selection codebook framework is very flexible, e.g., it can include both WB CSI reporting (for M=1) and SB reporting (M=N3), as special cases. A similar observation can be made regarding the codebook’s spatial compression, via tuning the value of K from 2 up to 2N1N2.  Moreover, four high-resolution codebook types have already been specified in NR, and hence introducing additional codebook types would unnecessarily add complexity to the specification. We believe a reciprocity-based codebook can be attained via simply extending the parameter values for Rel. 16 port selection codebook. 
Reusing the Rel. 16 port selection codebook framework may suffice to exploit channel reciprocity. Moreover, such approach would reduce the specification complexity.
Reuse the Rel. 16 port selection codebook, potentially extending with a few more parameters and/or parameter values.
 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 UL/DL 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.   
The CSI feedback reporting overhead for Port Selection codebooks can be significantly reduced with smart CSI beamforming design approaches.
Introduce additional parameter values for Rel. 16 Type-II port selection codebook, e.g., include WB reporting with M=1. Other changes to parameters, parameter values are FFS.
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. A system with K TRPs and/or Panels would require reporting up to K2 PMI/RI/CQI across multiple CSI reports corresponding to all possible hypotheses.
1. Using UE-assisted techniques to reduce the CSI feedback via reporting the CSI for a subset of the hypothesis may not be preferable, since it restricts the network’s flexibility in selecting any of the hypotheses for scheduling and/or network traffic configurations, as well as requires reporting the selected hypotheses in at least one of the CSI reports.
Whereas for CSI enhancements under FDD channel reciprocity in FR1, we have the following observations: 
1. Adopting the UL/DL reciprocity model in TR 36.897 may lead to a large performance gap between simulations and reality.
1. Agreeing on a default design for Rel. 16 port selection codebook to be used as a baseline for evaluation may not be straightforward due to the lack of a common simulation framework pursued for Rel. 16 Type-II Port Selection Codebook.
1. The time gap between the SRS transmission and CSI-RS transmission should be configured to ensure the UL/DL channel reciprocity is not impacted by temporal channel variations.
1. Introducing a new codebook framework may consume more time for specification development and potential implementation challenges.
1. Reusing the Rel. 16 port selection codebook framework may suffice to exploit channel reciprocity. Moreover, such approach would reduce the specification complexity.
1. Under UL/DL 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. The CSI feedback reporting overhead for Port Selection codebooks can be significantly reduced with smart CSI beamforming design approaches.


Based on the observations above, we have reached the following conclusions for CSI enhancements under NCJT:
1. CSI feedback corresponding to each TRP is decomposed into two CSI reports, each including information corresponding to two different sets of layers.
1. For each channel hypothesis, two CSI reports are needed to design the appropriate precoder, based on whether the hypothesis supports single TRP transmission or NCJT.
1. Joint CSI reporting can be considered, where each CSI report includes up to two sets of CRI, PMI, RI, and LI. The CSI resource setting and CSI reporting setting are FFS.
1. For NCJT with transmission rank exceeding 4, the differences in the rank indicator fed back for CSI reports corresponding to two TRPs should not exceed one.
1. Strive to support Rel. 16 NCJT and Rel. 17 HST-SFN with the same CSI framework.
For CSI enhancements under FDD channel reciprocity in FR1, we have reached the following conclusions:
1. Adopt the channel reciprocity model in TR 38.901 Sec. 7.6.5.
1. Support 4 GHz and 200 MHz for carrier frequency and duplexing distance, respectively.
1. Use Type-I codebook or Rel. 16 Type-II codebook as a baseline for performance evaluation.
1. Aperiodic SRS triggering is needed in conjunction with the aperiodic CSI-RS for reciprocity-based port selection codebook.
1. Reuse the Rel. 16 port selection codebook, potentially extending with a few more parameters and/or parameter values.
1. Introduce additional parameter values for Rel. 16 Type-II port selection codebook, e.g., include WB reporting with M=1. Other changes to parameters, parameter values are FFS.
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