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Introduction
In [1], two work-item were scoped for Rel-17 further CSI enhancement:
4. Enhancement on CSI measurement and reporting:
a. 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
b. 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.
For mTRP CSI, we discuss some details related to CMR pairing, interference resources, and NCJT CSI reporting aspects for single CSI report setting. 
For FDD CSI, we discuss some details related to codebook structure and CSI-RS design.
Discussion on CSI enhancement for mTRP
In this section, we discuss the following aspects for NCJT CSI with single reporting setting. 
· [bookmark: o1]CMR pairing
· CRI Codepoint mapping in CSI report
· Interference resources
· CPU and active resources / ports
· CSI reporting including UCI packing / omission, and indication of the two RIs/LIs

The following was agreed in the previous meeting:
Agreement
For CSI measurement associated to a reporting setting CSI-ReportConfig for NCJT, the UE can be configured with Ks ≥ 2 NZP CSI-RS resources in a CSI-RS resource set for CMR and N ≥ 1 NZP CSI-RS resource pairs whereas each pair is used for a NCJT measurement hypothesis 
· Configure UE with two CMR groups with Ks=K1+K2 CMRs. CMR pairs are determined from two CMR groups by following method(s). 
· K1 and K2 are the number of CMRs in two groups respectively. FFS K1=K2 or different K1/K2.
· Note that CMRs in each CMR group can be used for both NCJT and Single-TRP measurement hypotheses
· N CMR pairs are higher-layer configured by selecting from all possible pairs
· signalling mechanism can be discussed further, e.g. using a bitmap
· FFS: Whether MAC-CE or RRC+MAC CE indication is needed
· FFS: how to support NCJT measurement hypotheses in FR2
· Support N=1 and Ks =2, FFS other maximal values of N>1 and Ks>2  
· Note: for CPU/resource/port occupation, NCJT hypothesis is considered separately from single TRP hypothesis
Regarding the signaling mechanisms, it is important to be able to configure the UE with desired single-TRP hypotheses and NCJT hypotheses. The signaling mechanism should be able to
a) Configure one or more (up to a max) number of CMR pair for NCJT hypotheses: Such flexibility can control the trade-off between number of hypotheses and CPU/resource/port occupation. Also, it allows to use a CMR in multiple pairs or to ensure that a CMR is not used in multiple pairs, which may depend on UE capability and FR1 versus FR2.
b) Disable a single-TRP hypothesis corresponding to a CMR that is also used in a CMR pair: This is needed since reusing a CMR for both single-TRP and NCJT hypotheses may depend on UE capability and FR1 versus FR2.

Furthermore, the maximum values of N, K1, K2, Ks should be decided. First, the use case for different K1/K2 is not clear, and K=K1=K2 and Ks=2K can be assumed. For the maximum value of K, we think 4 CMRs are sufficient since in total the max value of 8 CMRs in a CSI-RS resource set should remain the same as Rel. 15/16. Regarding the max value of N, we think 2 or 4 should be enough as larger values are not practical and also require large number of CPUs only for that CSI report setting. 
Considering the discussions above, a bitmap can be RRC-configured as part of the CSI report setting configurations to choose maximum of N=4 CMR pairs out of maximum of K2 =16 CMR pairs. Furthermore, a flag can be added to enable/disable single-TRP hypotheses corresponding to CMRs that are used in CMR pairs as indicated by the bitmap. As discussed in the previous meeting, reusing CMRs depends on FR1 versus FR2 as well as multi-panel implantation details. All of these configurations should be configured in the CSI report setting. 
Proposal 1: For CSI measurement associated to a reporting setting CSI-ReportConfig for NCJT:
· K=K1=K2 is assumed with the maximum value of K equal to 4. The maximum value of N that spec supports is equal to 2 or 4, and is further based on UE capability.
· Within the reporting setting CSI-ReportConfig, at least support RRC configuration of
· A bitmap to indicate N CMR pairs out of K2 possible CMR pairs
· A flag to enable/disable all CMRs that appear in a configured CMR pair as indicated by the bitmap
· UE can indicate whether it supports reusing a CMR between a single-TRP hypothesis and a NCJT hypothesis or between two NCJT hypotheses in a reporting setting.
With respect to CRI indication in a CSI report, it is obvious that CRI should uniquely determine the selected CSI hypothesis. In Rel. 15, there is a one-to-one mapping between CRI codepoint and CMR in a CSI-RS resource set. Since a NCJT CSI hypothesis is identified by a CMR pair, additional CRI codepoints are needed. Ultimately, CRI should identify whether a reported CSI corresponds to a single-TRP CSI hypothesis (associated with one CMR) or it corresponds to a NCJT CSI hypothesis (associated with a CMR pair), and also, identify to which single-TRP / NCJT hypothesis it corresponds. 
For this, the CRI codepoints can be first mapped to single-TRP hypotheses. The number of single-TRP hypotheses depends on whether the flag as discuss above is enabled or not. Then, the remaining CRI codepoints are mapped to the N NCJT hypotheses as determined from the bitmap as discussed above. This is illustrated in Figure 1 with the assumption of 4 CMRs total (2 per CMR group) and one CMR pair is configured. In the first case that the flag enables all individual CMRs, the NCJT hypothesis is mapped to CRI codepoint 4, while in the second case that the flag disables individual CMRs that are used in a CMR pair, the NCJT hypothesis is mapped to CRI codepoint 2.
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[bookmark: _Ref60587705]Figure 1: Illustration of CRI codepoint mapping in CSI report.
Proposal 2: In a CSI report config, CRI codepoint mapping to CSI hypotheses is based on 
· CRI codepoints are first mapped to single-TRP hypotheses. The number of such codepoints is determined based on the number of CMRs across both CMR groups and whether the flag enables/disables individual CMRs that are used in a CMR pair.
· The additional CRI codepoints are mapped to N CMR pairs corresponding to N NCJT hypotheses.

The following was agreed in RAN1 #103-e:
Agreement
For NCJT CSI measurement configured with single reporting setting, study following measurement resource configuration/association mechanism
· Whether/how to support interference measurement based on NZP CSI-RS given by nzp-CSI-RS-ResourcesForInterference or based on CSI-IM given by csi-IM-ResourcesForInterference
· Whether/how to interpret measurement based on CMRs associated with different TRPs/TCI states respectively for a NCJT measurement hypothesis
· CMR/IMR resource configuration restrictions/associations, e.g. for reference resource/time domain behavior/frequency domain behavior   
· Note that RAN1 shall strive for commonality of CSI measurement/reporting mechanisms for NCJT CSI measurement configured by single or two reporting settings
With respect to CSI-IM given by csi-IM-ResourcesForInterference, the same principle as in Rel. 15 / 16 should be followed. Specifically, in Rel. 15 / 16, each CMR is resource-wise associated with a CSI-IM resource (one-to-one mapping), and the number of CMRs is equal to the number of CSI-IM resources. In other words, for each CSI hypothesis, a separate CSI-IM is configured. In Rel. 17, a CSI hypothesis can correspond to either a CMR (single-TRP hypothesis) or a CMR pair (NCJT hypothesis). As discussed above, CRI codepoint should uniquely determine a CSI hypothesis. Hence, a one-to-one mapping between a CSI hypothesis and a CSI-IM resource is equivalent to a one-to-one mapping between a CRI codepoint and a CSI-IM resource. It is important to note that a CSI-IM resource associate with a single-TRP hypothesis may not be directly used for NCJT hypothesis. This is because i) For a NCJT hypothesis, the second TRP is already captured as a second CMR (and not as CSI-IM) ii) The interference condition for out-of-cluster interference from other TRPs may be different for different CSI hypotheses. This is illustrated in Figure 3. It should be noted that for a single-TRP CSI hypothesis, whether the other TRP is included in the CSI-IM (other TRP is not muted) or not (other TRP is muted) is up to the network to configure.
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[bookmark: _Ref60590847]Figure 2: Illustration of CSI-IM Resources for single-TRP and NCJT CSI hypotheses.
Therefore, at least for the case that all individual CMRs correspond to single-TRP hypotheses, when N CMR pairs are configured corresponding to N NCJT CSI hypotheses, N additional CSI-IM resources are needed. For QCL-TypeD assumption of CSI-IM resource, similar to Rel. 15, the same QCL-TypeD as of the CMR should be applied. This is because the interference should be measured using the same receive beam as the one used for CMR measurement. Given that a NCJT hypothesis is associated with two CMRs with different TCI states, a CSI-IM resource configured for the NCJT hypothesis should be measured with both QCL-TypeD assumptions.   
However, at least in the following two cases, additional CSI-IM resources may not be needed, or one CSI-IM resource for a given NCJT hypothesis may not be enough:
· When individual CMRs that are used in a CMR pair are disabled, the CSI-IM resource associated with those CMRs can be used for NCJT hypothesis. For example, in Figure 2, if the CMRs 2 and 3 are not associated with single-TRP hypotheses, the CSI-IM resources associated with CMR 2 and 3 can be used for the NCJT hypothesis.
· If UE is not capable of simultaneous reception with different QCL-TypeD properties (e.g. if the CSI corresponds to TDM scheme), then one CSI-IM resource is not enough for the NCJT hypothesis since it cannot be measured with two different receive beams. In this case, two CSI-IM resources are needed, which can reuse the CSI-IM resources associated with the two CMRs.
Proposal 3: In a given CSI-ReportConfig, N CSI-IM resources should be configured with a one-to-one mapping to the N CMR pairs (corresponding to N NCJT CSI hypotheses / last N CRI codepoint).
· QCL-Type D of the CMRs associated with a NCJT hypothesis are applied to the corresponding CSI-IM resource.
· FFS: For a given NCJT hypothesis corresponding to two CMRs, whether 2 additional CSI-IM resources are needed or whether the 2 CSI-IM resources associated with the two CMRs can be reused.
In Rel. 15/16, CPU and active CSI-RS resource/port occupation are specified to address the UE complexity related to CSI computation. For example, for CPU occupation, a report config with M CMR resources occupies M CPUs, or if a CSI-RS appears N times no matter in the same or different report configs, it is counted as N times toward the CPU budget (similarly, they are counted as N times toward the active resources and active ports). For a NCJT hypothesis, the number of CPUs should correspond to the number of PMI calculations, which is two. In addition, it should be considered as two active resources, and total number of ports should be considered for the NCJT hypothesis. 
Furthermore, as it is agreed in the previous meeting, for CPU/resource/port occupation, NCJT hypothesis is considered separately from single TRP hypothesis as illustrated in Figure 2. 
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[bookmark: _Ref47519235]Figure 3: CPU and active CSI-RS resource / port occupation for NCJT CSI.
Proposal 4: An NCJT CSI hypothesis occupies two CPUs, two active resources, and a number of active ports corresponding to both CMRs. 
The following was agreed in RAN1 #103-e:
Agreement
For a CSI report associated with a Multi-TRP/panel NCJT measurement hypothesis configured by single CSI reporting setting, support following two options:
· Option 1: the UE can be configured to report X CSIs associated with single-TRP measurement hypotheses and one CSI associated with NCJT measurement hypothesis
· X = 0, 1, 2
· If X=2, two CSIs are associated with two different single-TRP measurement hypotheses with CMRs from different CMR groups
· Support of X=1,2 is UE optional for the UE supporting option 1
· FFS omission of CSI associated with NCJT measurement hypothesis
· Option 2: the UE can be configured to report one CSI associated with the best one among NCJT and single-TRP measurement hypotheses
For the case of Option 1 with X=1 or 2, an order of the two or three CSI reports associated with the CSI-ReportConfig is needed. This order can be used for both UCI construction as well as CSI omission. The order can be, for example, based on the single-TRP CSI report(s) being first / having a higher priority compared to the NCJT CSI report. Note that in the current specification, each CSI is assigned a priority for payload construction or UCI omission, which is described as , where  represents the CSI type (AP/SP/P CSI report),  corresponds to whether CSI report carries L1-RSRP / L1-SINR or not,  is the CC index, and  is the reportConfigID. In Option 1 with X=1 or 2, given that two or three CSI’s may be reported for a given reportConfigID, the priority of the CSI can be can be described by an additional index  as , where  corresponds to single-TRP CSI and  corresponds to the NCJT CSI for X=1, or  corresponds to single-TRP CSI and  corresponds to the NCJT CSI for X=2.
Proposal 5: For Option 1 with X=1 or 2, the order of CSI reports in the UCI as well as CSI priority for CSI omission is based on an order between the two CSI reports associated with the CSI-ReportConfig. CSI priority can be expressed as , where  corresponds to single-TRP CSI(s) and NCJT CSI.
In addition, UCI payload details for the NCJT CSI should be discussed and decided. For CRI, it is discussed above. For RI, a joint field reported in CSI part 1 is the most suitable solution given that at least in Option 2, the size of the part 1 CSI should be fixed irrespective of whether single-TRP or NCJT CSI is reported. Without rank restriction, the number of rank combinations is 4 corresponding to {1+1,1+2,2+1,2+2}. In Rel. 15, rank restriction is configured with “typeI-SinglePanel-ri-Restriction” which indicates the allowed ranks by a bitmap. Then, the RI field size is , where  is number of allowed rank indicators as determined from “typeI-SinglePanel-ri-Restriction”. Similarly, for NCJT CSI, we can have a RRC configuration to determine the allowed rank combinations from the 4 possibilities, which can be a bitmap of size 4. This results in  allowed rank combinations.
For Option 1, given that the NCJT CSI and single-TRP CSIs are separated, and the number of single-TRP CSIs (X)  in the CSI report setting is RRC-configured, the size of the RI field should be  bits. For Option 2, the maximum size among single-TRP and NCJT should be assumed so that CSI part 1 can be decoded by the gNB (because whether the CSI corresponds to single-TRP or NCJT is not known before decoding CSI part 1). As a result, the size of the RI field should be  bits.
For LI, as in Rel. 15, it should be reported in CSI part 2. For indicating the 2 LI’s, 0/1/2 bits are required depending on the indicated rank combination in CSI part 1. If the indicated rank combination is 2+2, then 2 bits are needed; if the indicated rank combination is 1+2 or 2+1, only 1 bit is needed; if the indicated rank combination is 1+1, no LI is required.
Proposal 6: For a NCJT CSI, the two RI’s and LI’s are based on 
· One joint RI field in CSI part 1 indicates RI pair from {1+1,1+2,2+1,2+2} rank hypotheses
· Introduce a separate RRC configuration for NCJT rank restriction with 4-bit bitmap, which determines the number of allowed rank pairs .
· The size of the RI field is
· When Option 1 is configured:  bits.
· When Option 2 is configured:  bits.
· The two LI’s are reported in CSI part 2, which require 2 / 1 / 0 bits depending on the indicated rank pair.
Furthermore, for the NCJT CSI in the subband part of CSI part 2, the order between even/odd subbands versus first/second PMIs should be decided. The two possibilities are illustrated in Figure 4. In each Alt, UCI packing is from top to bottom and UCI omission is from bottom to top.
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[bookmark: _Ref68121879]Figure 4: Subband part of CSI part 2 for NCJT CSI.
Proposal 7: In the NCJT CSI, for subband part of CSI part 2, adopt one of the following alternatives for the order between even/odd subbands versus first/second PMIs:
· Alt1: Even and odd subbands of the first PMI are placed first followed by even and odd subbands of the second PMI.
· Alt2: Even subbands of the first and second PMIs are placed first followed by the odd subbands of the first and second PMIs.
Discussion on CSI enhancement for FR1 FDD reciprocity
Discussion on codebook structure
In last meeting, following agreement was made
Agreement
For PS codebook enhancements utilization DL/UL reciprocity of angle and/or delay, support codebook structure W=W1W2 WfH where 
· W1 is a free selection matrix, with identity matrix as special configuration
· FFS polarization-common/specific selection
· Wf is a DFT based compression matrix in which N3 = NCQISubband*R and Mv>=1
· At least one value of Mv>1 is supported
· Decide on the value(s) of Mv, e.g. Mv=2,  in RAN1# 104bis-e
· Working assumption:  Support of Mv>1 is a UE optional feature if the UE supports Rel-17 PS codebook enhancement, taking into account UE complexity related to codebook parameters
· FFS candidate value(s)  of R, mechanism for configuring/indicating to the UE and/or mechanism for selecting/reporting by UE for Wf
· Wf can be turned off by gNB. When turned off, Wf  is an all-one vector (FFS; the length of all-one vector)
· FFS other signaling/CSI reporting mechanism for trade-off among signaling overhead, UE complexity and UPT gain
With this agreement, there are two categories of R17 port-selection codebook: Cat1 follows Rel-15 Type II structure with 2 matrices  (Wf is turned off or equivalently Mv=1), while Cat2 follows Rel-16 eType II structure with 3 matrices  (i.e., Mv > 1). In this section, we discuss relevant issues in each part of the codebook structure.
Discussion on FD bases matrix
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[bookmark: _Ref61901587][bookmark: _Ref61901555][bookmark: _Ref61901579]Figure 5: Illustration of Cat1 (Mv = 1 or Wf turned off) and Cat2 (Mv > 1)
As illustrated in Figure 5, after determining the SD-FD pairs (e.g., X pairs), the network have two choices. First choice is to use all SD-FD pairs for CSI-RS beamforming (P ports and P=X) following Cat1; alternatively, following Cat2, the network may partially use them for CSI-RS beamforming (P ports and P < X) while configuring the remaining pairs (X-P) to UE for PMI reporting. From this aspect, the pros and cons of Cat1 and Cat2 are elaborated as follows 
· Considering same total number of bases pairs, it can be seen that Cat2 requires less CSI-RS overhead than Cat1. However, Cat2 has the following downside compared to Cat1: 1) restricting FD bases type to DFT as it is difficult to configure SVD bases due to large overhead, and 2) limited number of SD bases (the X pairs should be associated to upto P SD bases because there are P CSI-RS ports).
· Considering same number of CSI-RS ports, Cat2 may achieve better throughput by conveying larger number of bases than Cat1. However, such benefit comes with the cost additional DFT operation at UE side and larger CSI overhead. 
Simulation results are shown in Figure 6 without counting CSI-RS overhead and Figure 7 counting CSI-RS overhead. The notations and simulation setup are 
· 20MHz bandwidth, 8RB as subband size, and CSI-RS precoding granularity is per-RB. 
· For each of Cat1 (M=1) and Cat2 (M>1), CSI-RS port density equal to 1 and 0.5 are evaluated. 
· On each curve of Cat1, parameters (P, beta) represent P ports, P*beta ports are selected per layer (for 32-port, the number of coefficients are 16 and 32 per layer with beta = 0.5 and 1, respectively) and 2*P*beta ports are selected across all layers. 
· On each curve of Cat2, parameters (P, M, beta) represent P ports, M FD bases per port (configured by network), and P*M*beta coefficients are freely selected per layer and 2*P*M*beta ports are freely selected across all layers. 
· For Cat2, the M FD bases configured by network are port-specific (i.e., the FD bases configured for port1 may be different from FD bases configured for port2)
· The reference is the lowest point of Cat1 with CSI-RS density equal to 1. 
· CSI-RS periodicity is 5 slot and CSI-RS only is transmitted in the traffic duration for each active UE.
The key observations can be summarized as follows
· Under the same CSI reporting overhead (i.e., same number of total bases), Cat2 is worse than Cat1 by 5% without counting CSI-RS overhead (in Figure 6), while the gap is shrunk to 3% counting CSI-RS overhead (in Figure 7). 
· With same CSI-RS configuration (but more bases selection), Cat2 achieves around 4%~6% gain over Cat1 with the cost of 22%~100% more CSI payload and higher complexity. 

[bookmark: _Ref61901738]Figure 6: Comparison between Cat1 (Mv=1) and Cat2 (Mv>1) without counting CSI-RS overhead, with the assumption of 1) 20MHz bandwidth, 2) 8RB as subband size, and 3) CSI-RS precoding granularity is per-RB.

[bookmark: _Ref61901752]Figure 7: Comparison between Cat1 (Mv=1) and Cat2 (Mv>1) counting CSI-RS overhead, with the assumption of 1) 20MHz bandwidth, 2) 8RB as subband size, and 3) CSI-RS precoding granularity is per-RB.
[bookmark: _Hlk68086523]From implementation perspective, there were an argument in last meeting that Cat1 has similar complexity as Cat2 under same total number SD-FD bases. For instance, for a 32-port Cat1, UE may calculate a size-32 SVD at DC tap; for 16-port Cat2 and M=2, UE may aggregate the channel at DC tap and one additional tap so that the size of SVD is also 32. In our view, PMI calculation is upto UE-implementation, the aforementioned example is one option, and there are other options, e.g., wideband SVD for Cat1 (M=1) vs. subband SVD for Cat2 (M>1), or finding a wideband precoder that maximize the spectral efficiency by solving an optimization problem vs. finding a optimal multi-tap precoder. From the above elaboration, it is obviously that the PMI calculation methods and complexity of Cat1 and Cat2 can be quite different.
More importantly, CSI processing with CSI-RS precoded via FD bases has never been deployed or tested before. It also requires new operations at both BS side and UE side. It remains unknown which is the best solution for Cat1 (M=1) and which is the best solution for Cat2 (M>1). For this reason, more exercise and interoperability testing will be required. Hence, it is reasonable to have separate capability signalling for Cat1 and Cat2 for commercial success. Based on the discussion, we have the following observations and proposal.
Observation 1: Under same total number of SD-FD pairs, three-stage codebook () may save CSI-RS overhead by configuring FD bases (i.e., ) to UE, but throughput degrades due to the restriction in bases selection.
Observation 2: Under same CSI-RS configuration, three-stage codebook () may achieve marginal throughput enhancement with the cost of larger CSI reporting overhead and additional UE complexity.
Observation 3: PMI calculation methods and complexity of M=1 and M>1 may be different. CSI processing with CSI-RS precoded via FD bases has never been deployed or tested before, it remains unknown which is the best solution for Cat1 (M=1) and which is the best solution for Cat2 (M>1).
Proposal 8: For Rel-17 FDD CSI, confirm the WA made in RAN1 #103e to an agreement that supporting M > 1 as optional feature with additional capability signalling.
Regarding configuration and reporting of Wf, following options were discussed in last meeting
· Option 1: Wf is configured by network via a window with size M and starting point  (no need of reporting Wf).
· Option 2: Wf (M FD bases) is selected and reported by UE from a pre-configured window with size N and starting point Mini.
In our view, option 2 adds on the complexity of SVD operations. Within the size-N window, there are  different patterns of Wf, each pattern is a CSI hypothesis which may require a SVD operation of dimension M. Moreover, if Wf is layer-specific, UE may need to perform a SVD operation of dimension N and then select M bases for each layer afterwards. From complexity perspective, option 1 is preferred and M=2 is sufficient. 
Besides, the starting point  is not needed because the configured window is used for CSI reporting rather than CSI calculation. From CSI reporting perspective,  simply provides an offset in delay domain, and such offset will result in a phase ramping in frequency domain after DFT operation. A phase change does not change the precoder matrix and does not change the CQI. From CSI calculation perspective, it is an implementation issue, UE may use different  or even different methods for CSI calculation to combat timing mismatch, so configuration of  does not help CSI calculation. Based on the discussion, we observe and propose
Observation 4: UE reporting of Wf increases complexity of SVD operations.
Observation 5: Configuration of starting point for Wf only provides a phase change of precoding matrix, and this phase change does not impact CQI or PMI. CSI calculation is UE implementation, configuration of starting point for Wf is not related to CSI calculation.
Proposal 9: For Rel-17 FDD CSI, when M > 1, support the following for Wf:
· M=2 and Wf is comprised of FD basis 0 and 1.
· No UE reporting 
Regarding number of PMIs per CQI subbands, i.e., R value, the benefit of R > 1 in Rel-17 FDD CSI is unclear considering increased UE complexity. Since the FD basis used in CSI-RS beamforming can be in RB granularity, the network is able to obtain an RB-level precoder even with M=1 or {M > 1, R=1}. So, supporting R > 1 is unnecessary for PMI resolution. For the downside, the complexity of DFT operation increases significantly as the size of DFT can be any number upto 18*R (where 18 is the max number of CQI subbands). 
Proposal 10: For Rel-17 FDD CSI, support R=1 only.
Discussion on port-selection and linear combination coefficients
Regarding port-selection matrix (), the open issue lies in whether port-selection is polarization common or polarization-specific. In our view, when network perform SRS measurement, the angle and delay information obtained from each polarization may be different. This procedure is similar to UE behaviour of obtaining non-zero coefficients in Rel-16 Type II codebook. In Rel-16 Type II, after transforming the channel or precoder to angle-delay domain, UE may freely the locations of non-zero coefficients and report via bitmap. Hence, it is reasonable to have unequal number of ports on two polarizations, and the port-selection should be performed freely across all the ports. 
Proposal 11: For Rel-17 FDD CSI, support polarization-specific port-selection.
Regarding coefficient matrix (), since weak coefficients exist and their locations vary across different layers, it is preferred to reuse Rel-16 method of number of non-zero coefficients configuration/reporting. For quantization method, Rel-16 eType II port-selection codebook adopt per-polarization differential quantization, however the gain of differential quantization is marginal, and complexity is high, so it is preferred to consider individual quantization of each coefficient.
Proposal 12: For Rel-17 FDD CSI, support following for linear combination coefficient reporting.
· Configuration of max ratio of non-zero coefficients per layer, , max number of non-zero coefficients per layer is max number of non-zero coefficients across all layers is .
· UE reporting of actual number of non-zero coefficients
· UE reporting of location of non-zero coefficients per layer via bitmap
· Individual amplitude and phase quantization for non-zero each coefficient
Discussion on CSI-RS overhead
Since a large number of UE-specific CSI-RS ports are needed for Rel-17 port-selection codebook, following agreement was made regarding CSI-RS overhead reduction in the last meeting. In this section, we discuss relevant issues involved in CSI-RS overhead reduction. 
Agreement
For PS codebook enhancements utilization DL/UL reciprocity of angle and/or delay, study following options (or combinations) for CSI-RS configurations associated with Rel-17 PS codebook for supporting low CSI-RS overhead and/or CSI-RS processing complexity considering the impact on UPT performance under realistic CSI-RS measurement:  
· Option 0: No further CSI-RS enhancement as the baseline
· Option 1: Support configuring a lower CSI-RS density per CSI-RS resource, e.g. 0.25
· Option 2: Support configuring one or multiple CSI-RS patterns per CSI-RS resource associated with Rel-17 PS codebook 
· Option 3:Support configuring multiple CSI-RS resources per CSI reporting configuration associated with Rel-17 PS codebook 
These four options may lead to 5 patterns as illustrated in Figure 8. Pattern 1 and 2 are the current CSI-RS 32-port CSI-RS resource patterns with density 1 and 0.5 respectively (w/ option 0). Pattern 4 is resulted by option 1. Pattern 3 is achieved by option 2 or 3 where a first 16-port resource (or pattern) is on even RB while a second resource (or pattern) is on odd RB. Pattern 5 is similar to pattern 3 with density 0.25 and can be achieved via either option 1+2 or option 1+3 (The n-th 8-port resource is on RB comb-n, where n=1,2,3,4). The yellow box represents a reference tone for CSI calculation. In other words, during CSI-RS processing, UE may align all the ports (e.g., by interpolation) on the reference tone to perform CSI calculation. The location of reference tone is at the middle of pilot tones.
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Figure 8: Illustration of CSI-RS patterns resulted by different options.

Figure 9: MSE performance of different CSI-RS patterns under SNR=8dB, CDL-C, 300ns.

Figure 10: MSE performance of different CSI-RS patterns under SNR=16dB, CDL-C, 300ns.
The normalized MSE performance are shown in: Figure 9, SNR=8dB, DS=300ns; Figure 10, SNR=16dB, DS=300ns. The MSE on pilot tone and reference tone (w/ port-alignment) are both shown. Key observations are summarized as follows 
· For pattern 5 (option 1+2 or option 1+3) and pattern 3 (option 2 or option 3), MSE results on reference tone is far worse than all other patterns because density 0.25 would cause aliasing in PDP and it is detrimental to interpolation especially for reference tone far away from the pilot tone. The MSE results on pilot tone is slightly worse than other patterns.
· For pattern 4 (option 1), the MSE performance on either pilot tone or reference tone is slightly worse than pattern 1 and 2, but better than pattern 5 (option 1+2 or option 1+3) and pattern 3 (option 2 or 3)

Figure 11: Spectral efficiency (relative to CSI-RS density 1) of different CSI-RS patterns, SNR=8dB, CDL-C, 300ns.

Figure 12: Spectral efficiency (relative to CSI-RS density 1) of different CSI-RS patterns, SNR=16dB, CDL-C, 300ns.
The spectral efficiency loss relative to pattern 1 with genie channel estimation are shown in: Figure 11, SNR=8dB, DS=300ns; Figure 12, SNR=16dB, DS=300ns. For reference tone, the PMI is calculated using the channel estimate on the reference tone; for pilot tone, the PMI is calculated using the channel estimate on the pilot tone. The spectral efficiency is calculated using the PMI and actual channel. Key observations are summarized as follows
· For pattern 5 (option 1+2 or option 1+3), for PMI calculation on reference tone, there is 5% loss under realistic channel estimation due to the MSE loss; for PMI calculated on pilot tone, there is nearly 3% loss due to the port-mismatch.
· For pattern 3 (option 2 or option 3), there is around 2% loss compared to pattern 1 and 2. There is not much difference for PMI calculation on reference tone or pilot tone.
· For pattern 4 (option 1), the performance loss is around 1%.
From implementation perspective, pattern 5 (option 1+2 or option 1+3) and pattern 3 (option 2 or 3) have larger additional complexity than pattern 4 in terms of aggregating ports from different resources or patterns. Besides, option 2 needs spec change in CSI-RS pattern in one resource, while option 3 needs spec change in CSI-RS resource utilization. Both options may also need additional RRC signaling design, study on CPU/resource occupation and CSI-RS port re-indexing.
Hence, based on the discussion, we observe and propose
Observation 6: For R17 FDD CSI, CSI-RS overhead reduction Option 2 (or Option 2+1) and option 3 (or Option 3+1) result in significant CSI-RS channel estimation loss if UE performing port-alignment.
Observation 7: For R17 FDD CSI, CSI-RS overhead reduction Option 1+2 and option 1+3 result in 5% loss if UE performing port-alignment and 3% loss if UE calculates PMI using pilot tones. CSI-RS overhead reduction Option 2 and option 3 result in 2% loss.
Observation 8: For R17 FDD CSI, CSI-RS overhead reduction Option 1 (reducing density to 0.25) is slightly worse than density 0.5 in terms of channel estimation and spectral efficiency.
Observation 9: For R17 FDD CSI, CSI-RS overhead reduction Option 2 (or Option 2+1) and option 3 (or Option 3+1) require larger implementation and spec effort.
Proposal 13: For Rel-17 FDD CSI, no CSI-RS enhancement is needed.
Conclusion
In this contribution, we discuss issues related to CSI enhancement for mTRP and FR1 FDD reciprocity. For mTRP CSI, we propose:
Proposal 1: For CSI measurement associated to a reporting setting CSI-ReportConfig for NCJT:
· K=K1=K2 is assumed with the maximum value of K equal to 4. The maximum value of N that spec supports is equal to 2 or 4, and is further based on UE capability.
· Within the reporting setting CSI-ReportConfig, at least support RRC configuration of
· A bitmap to indicate N CMR pairs out of K2 possible CMR pairs
· A flag to enable/disable all CMRs that appear in a configured CMR pair as indicated by the bitmap
· UE can indicate whether it supports reusing a CMR between a single-TRP hypothesis and a NCJT hypothesis or between two NCJT hypotheses in a reporting setting.
Proposal 2: In a CSI report config, CRI codepoint mapping to CSI hypotheses is based on 
· CRI codepoints are first mapped to single-TRP hypotheses. The number of such codepoints is determined based on the number of CMRs across both CMR groups and whether the flag enables/disables individual CMRs that are used in a CMR pair.
· The additional CRI codepoints are mapped to N CMR pairs corresponding to N NCJT hypotheses.
Proposal 3: In a given CSI-ReportConfig, N CSI-IM resources should be configured with a one-to-one mapping to the N CMR pairs (corresponding to N NCJT CSI hypotheses / last N CRI codepoint).
· QCL-Type D of the CMRs associated with a NCJT hypothesis are applied to the corresponding CSI-IM resource.
· FFS: For a given NCJT hypothesis corresponding to two CMRs, whether 2 additional CSI-IM resources are needed or whether the 2 CSI-IM resources associated with the two CMRs can be reused.
Proposal 4: An NCJT CSI hypothesis occupies two CPUs, two active resources, and a number of active ports corresponding to both CMRs. 
Proposal 5: For Option 1 with X=1 or 2, the order of CSI reports in the UCI as well as CSI priority for CSI omission is based on an order between the two CSI reports associated with the CSI-ReportConfig. CSI priority can be expressed as , where  corresponds to single-TRP CSI(s) and NCJT CSI.
Proposal 6: For a NCJT CSI, the two RI’s and LI’s are based on 
· One joint RI field in CSI part 1 indicates RI pair from {1+1,1+2,2+1,2+2} rank hypotheses
· Introduce a separate RRC configuration for NCJT rank restriction with 4-bit bitmap, which determines the number of allowed rank pairs .
· The size of the RI field is
· When Option 1 is configured:  bits.
· When Option 2 is configured:  bits.
· The two LI’s are reported in CSI part 2, which require 2 / 1 / 0 bits depending on the indicated rank pair.
Proposal 7: In the NCJT CSI, for subband part of CSI part 2, adopt one of the following alternatives for the order between even/odd subbands versus first/second PMIs:
· Alt1: Even and odd subbands of the first PMI are placed first followed by even and odd subbands of the second PMI.
· Alt2: Even subbands of the first and second PMIs are placed first followed by the odd subbands of the first and second PMIs.
For FR1 FDD CSI, based on the observations,
Observation 1: Under same total number of SD-FD pairs, three-stage codebook () may save CSI-RS overhead by configuring FD bases (i.e., ) to UE, but throughput degrades due to the restriction in bases selection.
Observation 2: Under same CSI-RS configuration, three-stage codebook () may achieve marginal throughput enhancement with the cost of larger CSI reporting overhead and additional UE complexity.
Observation 3: PMI calculation methods and complexity of M=1 and M>1 may be different. CSI processing with CSI-RS precoded via FD bases has never been deployed or tested before, it remains unknown which is the best solution for Cat1 (M=1) and which is the best solution for Cat2 (M>1).
Observation 4: UE reporting of Wf increases complexity of SVD operations.
Observation 5: Configuration of starting point for Wf only provides a phase change of precoding matrix, and this phase change does not impact CQI or PMI. CSI calculation is UE implementation, configuration of starting point for Wf is not related to CSI calculation.
Observation 6: For R17 FDD CSI, CSI-RS overhead reduction Option 2 (or Option 2+1) and option 3 (or Option 3+1) result in significant CSI-RS channel estimation loss if UE performing port-alignment.
Observation 7: For R17 FDD CSI, CSI-RS overhead reduction Option 1+2 and option 1+3 result in 5% loss if UE performing port-alignment and 3% loss if UE calculates PMI using pilot tones. CSI-RS overhead reduction Option 2 and option 3 result in 2% loss.
Observation 8: For R17 FDD CSI, CSI-RS overhead reduction Option 1 (reducing density to 0.25) is slightly worse than density 0.5 in terms of channel estimation and spectral efficiency.
Observation 9: For R17 FDD CSI, CSI-RS overhead reduction Option 2 (or Option 2+1) and option 3 (or Option 3+1) require larger implementation and spec effort.
we propose
Proposal 8: For Rel-17 FDD CSI, confirm the WA made in RAN1 #103e to an agreement that supporting M > 1 as optional feature with additional capability signalling.
Proposal 9: For Rel-17 FDD CSI, when M > 1, support the following for Wf:
· M=2 and Wf is comprised of FD basis 0 and 1.
· No UE reporting 
Proposal 10: For Rel-17 FDD CSI, support R=1 only.
Proposal 11: For Rel-17 FDD CSI, support polarization-specific port-selection.
Proposal 12: For Rel-17 FDD CSI, support following for linear combination coefficient reporting.
· Configuration of max ratio of non-zero coefficients per layer, , max number of non-zero coefficients per layer is max number of non-zero coefficients across all layers is .
· UE reporting of actual number of non-zero coefficients
· UE reporting of location of non-zero coefficients per layer via bitmap
· Individual amplitude and phase quantization for non-zero each coefficient
Proposal 13: For Rel-17 FDD CSI, no CSI-RS enhancement is needed.
Appendix – simulation setup
	Parameter
	Value

	Scenario
	UMa

	Frequency Range
	2GHz with duplexing gap of 200MHz between DL and UL

	Channel model
	The reciprocity model of DL/UL channel is based on Section 5.3 of TR 36.897.

	Antenna setup and port layouts at gNB
	32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ

	Antenna setup and port layouts at UE
	4RX: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for rank > 2

	Simulation bandwidth
	20 MHz with 15KHz

	CSI feedback
	CSI feedback periodicity (full CSI feedback) :  5 ms,
Scheduling delay:  4 ms

	Traffic load (Resource utilization)
	80% for SU/MU-MIMO with rank adaptation upto rank-4 each UE
20% for SU-MIMO with rank adaptation up to rank-4

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	SRS modeling for UL channel estimation
	SRS periodicity with 5ms/10ms
SRS error modeling in Table A.1-2 in 36.897 with 

	FDD DL/UL calibration error model at gNB
	Amplitude error (expressed in decibel of ) and phase error are normal distribution with 0.7dB and 5 degrees standard deviation, respectively.
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Cat1 vs. Cat2 w/o counting CSI-RS overhead

Cat1, density=1	352	576	1	1.0519132677695506	Cat1, density = 0.5	352	576	0.99424540647786108	1.0483641057241286	Cat2, density = 1	352	576	704	1152	0.9480914089004544	0.99840196816189586	1.092694573785026	1.1160292786154333	Cat2, density = 0.5	352	576	704	1152	0.94570963369952832	0.99457314516369999	1.0883642904428099	1.1103915235727944	CSI reporting overhead


Relative gain




Cat1 vs. Cat2 counting CSI-RS overhead

Cat1, density = 1	352	576	1	1.0519132677695506	Cat1, density = 0.5	352	576	1.0494812623932976	1.1066065560421356	Cat2, density = 1	352	576	704	1152	1.0007631538393684	1.05386874417089	1.092694573785026	1.1160292786154333	Cat2, density = 0.5	352	576	704	1152	1.0245187698411555	1.0774542405940084	1.1488289732451882	1.1720799415490606	CSI reporting overhead


Relative gain




MSE, SNR=8dB, CDL-C, 300ns

pattern 1, ref tone	pattern 2, ref tone	pattern 3, ref tone	pattern 4, ref tone	pattern 5, ref tone	pattern 1, pilot tone	pattern 2, pilot tone	pattern 3, pilot tone	pattern 4, pilot tone	pattern 5, pilot tone	
pattern 1, ref tone	pattern 2, ref tone	pattern 3, ref tone	pattern 4, ref tone	pattern 5, ref tone	pattern 1, pilot tone	pattern 2, pilot tone	pattern 3, pilot tone	pattern 4, pilot tone	pattern 5, pilot tone	-14.065899999999999	-14.026199999999999	-8.3465000000000007	-13.749700000000001	-5.92	-14.7844	-15.231	-14.9084	-15.107100000000001	-14.848699999999999	


MSE, SNR=16dB, CDL-C, 300ns


pattern 1, ref tone	pattern 2, ref tone	pattern 3, ref tone	pattern 4, ref tone	pattern 5, ref tone	pattern 1, pilot tone	pattern 2, pilot tone	pattern 3, pilot tone	pattern 4, pilot tone	pattern 5, pilot tone	-18.878599999999999	-18.578600000000002	-9.0065000000000008	-17.922899999999998	-6.2126000000000001	-22.8706	-22.759699999999999	-22.561699999999998	-22.5945	-22.3504	


SE, SNR=8dB, CDL-C, 300ns

real CE	
0.99688531414468795	0.99359222146234116	0.97512711486426218	0.99021735898427043	0.94928785941542027	0.99530938717254913	0.99253664773572003	0.97818976539502245	0.99067080966964993	0.97165561535488076	genie CE	
pattern 1, ref tone	pattern 2, ref tone	pattern 3, ref tone	pattern 4, ref tone	pattern 5, ref tone	pattern 1, pilot tone	pattern 2, pilot tone	pattern 3, pilot tone	pattern 4, pilot tone	pattern 5, pilot tone	1	0.99935327525199957	0.98452320775475	0.99966548719931014	0.98395081918468075	0.99960601825696527	0.9981267283161368	0.98228568879902467	0.99880318753530961	0.97917100294371262	



SE, SNR=16dB, CDL-C, 300ns

real CE	
0.99936727705821049	0.99893925859758825	0.98202322465386338	0.9983949307726665	0.96539098555902936	0.99861359237754954	0.9983809736489504	0.98616383802292695	0.99945567217507825	0.9848937397647759	genie CE	
pattern 1, ref tone	pattern 2, ref tone	pattern 3, ref tone	pattern 4, ref tone	pattern 5, ref tone	pattern 1, pilot tone	pattern 2, pilot tone	pattern 3, pilot tone	pattern 4, pilot tone	pattern 5, pilot tone	1	0.99971155277653712	0.98956937620961738	0.99939519130564247	0.98867146791722504	0.99878107786214088	0.99859498287926174	0.98789917373827607	0.99868803037070131	0.98498678725621569	
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