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1. Introduction
In the RAN#102 meeting, the work item “NR MIMO Phase 5” for Rel-19 is approved. The objectives for CSI enhancements up to 128 CSI-RS ports and CJT calibration include [1]
· Specify CSI support for up to 128 CSI-RS ports, targeting FR1
· Type-I codebook refinement supporting up to a total of 128 CSI-RS ports across all resources, assuming legacy CSI-RS resources (with up to 32 CSI-RS ports per resource), based on extension of legacy codebooks

· Type-II codebook refinement supporting up to a total of 128 CSI-RS ports across all resources, assuming legacy CSI-RS resources (with up to 32 CSI-RS ports per resource), based on extension of legacy codebooks, without modifying any codebook parameter other than introducing additional values for the number of ports codebook parameter(s)

· Extension of CRI(s)-based CSI reporting (CQI/PMI/RI calculated per CRI for ≥1 CRIs) for hybrid beamforming supporting up to a total of 128 CSI-RS ports across all resources, with up to 32 CSI-RS ports per resource, without new codebook design

· Specify UE reporting enhancement for CJT deployments under non-ideal synchronization and backhaul, targeting FR1, both FDD and TDD 
· Inter-TRP time misalignment and frequency/phase offset measurement and reporting, assuming legacy CSI-RS design, with stand-alone aperiodic reporting on PUSCH
In this contribution, we share our studies and views on CSI enhancements for up to 128 CSI-RS ports based on the agreements achieved in RAN1#116 [2].
2. CSI enhancement for up to 128 CSI-RS ports
2.1. CSI-RS enhancements for aggregated ports
In RAN1#116 meeting, we have the following agreements on how to aggregate CSI-RS ports from multiple resources to form up to 128 PMI ports:
	Agreement
For the Rel-19 Type-I and Type-II codebook refinement for up to 128 CSI-RS ports, regarding NZP CSI-RS resource aggregation to attain 32 < P (or PCSI-RS) ≤ 128, support aggregating at least K=2, 3, or 4 legacy NZP CSI-RS resources with equal number of ports
· FFS (by RAN1#116bis): Mapping from CSI-RS resource index/port index per resource and port index to CSI/PMI calculation, also considering co-existence with pre-Rel-19 UEs 
· FFS (by RAN1#116bis): whether the Rel-18 CJT CMR restrictions (where all resources shall be located within 2 consecutive slots) are reused, or additional restriction(s) are introduced (e.g. PCoffset, CDM type, RS density, TD (co-located in a slot)/FD locations, QCL, …)
· FFS (by RAN1#116bis): Whether legacy resource configuration for interference measurement is reused, or additional restriction(s) are introduced
· FFS: Whether all the K CSI-RS resources are associated with a same CSI-RS resource set or not
· Note: If the supported number of ports does not require aggregation of 3 resources, K=3 can be removed

Agreement
For the Rel-19 Type-II codebook refinement based on Rel-16 eType-II and Rel-18 Type-II Doppler for up to 128 CSI-RS ports, as well as Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support the following (N1, N2) values:
	Total # CSI-RS ports across aggregated resources (=P)
	(N1, N2)

	48
	(8,3)

	
	(6,4)

	64
	(16,2)

	
	(8,4)

	128
	(16,4)

	
	(8,8)


The support of total # CSI-RS ports across aggregated resources (=P) and (N1, N2) are subject to UE capability.
· For the Rel-19 Type-II codebook refinement based on Rel-16 eType-II regular codebook, the (N1,N2) values for P=64 are supported as a part of the respective basic feature, while those for P=48 and P=128 are supported as two separate UE capabilities
· For the Rel-19 Type-II codebook refinement based on Rel-18 Type-II Doppler regular codebook, the (N1,N2) values for P=64 are supported as a part of the respective basic feature, while those for P=48 and P=128 are supported as two separate UE capabilities

Agreement
For the Rel-19 Type-II refinement based on Rel-17 FeType-II PS, support the following PCSI-RS value(s) {48, 64}
For the Rel-19 Type-II codebook refinement based on Rel-17 FeType-II PS, PCSI-RS =64 is supported as a part of the respective basic feature, while PCSI-RS =48 is supported as a separate UE capability




To support up to 128 CSI-RS ports, CSI-RS ports from up to K=4 resources need to be aggregated. After the UE performs channel estimation of aggregated ports, these aggregated ports need to be ordered appropriately to compute the PMI of up to 128 ports. In our opinion, there are two fundamental ways of mapping the aggregated CSI-RS ports to PMI ports. The two ways are illustrated in Fig. 1 with a trivial example of aggregating K=4 CSI-RS resources with 8 ports each to compute a 32 port PMI.
In Fig. 1, the CSI-RS ports from the 4 resources are first represented as overall port index = CSI-RS port index within a resource + resource index * number of ports within a resource. Within each resource, first half of the ports correspond to the first polarization and the second half of the ports correspond to the second polarization. Then, the natural ordering of these indexed ports supports the computation of a multi-panel or CJT codebook (i.e., R15 Type I MP based or R18 CJT Type II based codebook extensions) in a straightforward manner. In other words, this mapping supports a codebook with block diagonal  with the diagonal containing spatial domain beams corresponding to each CSI-RS resource (panel/TRP).
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Figure 1 Mapping of aggregated CSI-RS ports to PMI ports
To support a single panel/TRP codebook structure with common SD beams computed for all ports per polarization (i.e., R15 Type I based or R16 eType II based codebook extensions) the ports corresponding to first polarization of all resources need to be aggregated first, followed by the ports corresponding to the second polarization of all resources, as shown in Rel-19 SP-PMI port mapping types (a), (b) and (c) in Fig. 1. As also shown, depending on whether the NW wants to enhance the beamforming gains in the horizontal or vertical dimension, there could be more than one method of aggregating the ports within a polarization. In such case, the NW could configure from a possible list of mappings, the exact mapping from CSI-RS ports to PMI ports via RRC configuration.
Observation 1: For mapping up to 128 aggregated CSI-RS ports to PMI ports, the natural mapping of overall port index = CSI-RS port index within a resource + resource index * number of ports within a resource supports multi-panel/CJT codebook structure with block diagonal  matrix
Observation 2: For mapping up to 128 aggregated CSI-RS ports to PMI ports, the ports corresponding to first polarization of all resources need to be aggregated first, followed by the ports corresponding to the second polarization of all resources
Observation 3: Depending on whether the NW wants to enhance the beamforming gains in the horizontal or vertical dimension, there could be more than one method of aggregating the ports within a polarization.
Proposal 1: For mapping up to 128 aggregated CSI-RS ports to PMI ports, support RRC configuration of mapping from a predefined list of mappings.
Regarding the other restrictions on CMR and IMR, Rel-18 CJT specification could be reused, i.e., 
· The K CSI-RS resources belong to the same resource set
· The K CSI-RS resources are transmitted within two consecutive slots
·  Only one CSI-IM or NZP-CSI-RS resource for interference measurement
Proposal 2: For the Rel-19 Type-I and Type-II codebook refinement for up to 128 CSI-RS ports, reuse Rel-18 CJT restrictions on CMR and IMR – including the K CSI-RS resources belonging to the same set and transmitted within two consecutive slots, and only one resource for interference measurement.
2.2. Type I PMI enhancements
In RAN1#116 meeting, we have the following agreements for Type I codebook enhancements:
	Agreement
For the Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, at least for RI=1-4, study and decide, by RAN1#116bis, from the following:
· Scheme1 (baseline): Adding new (N1, N2) values for the Rel-15 Type-I single-panel codebook where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources
· FFS: Whether to further down-select between mode-1 (L=1) and mode-2 (L=4) 
· FFS: For rank-3/4, follow legacy mechanisms for <16 ports, or for >=16 ports
· Scheme2: Adding new (N1, N2) values where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and
· W1 structure: 
· For each layer, reuse legacy Rel-16 eType-II SD basis with L=1 to determine the DFT-based SD basis candidates
· FFS: Whether the indication of selected SD basis indices follows Rel-16 eType II or Rel-15 Type I
· For 4≥RI>1, L=1 SD basis vector is independently selected for different layers
· FFS: SD basis selection restriction to reduce SD overhead for RI>4
· W2 structure: Layer-specific inter-polarization M-PSK co-phasing where M is further down-selected from {2, 4, 8, 16} 
· FFS: Common SD vector selection for a pair of layers (reduced total number of bits for SD basis vector selection); layer multiplexing via orthogonal polarization co-phasing for the layer pairs with common SD vector (reduced number of bits for co-phasing indication for the layer pairs with common SD vector).
· FFS: Additional support for L>1
· Scheme2B: Adding new (N1, N2) values where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and
· W1 structure: 
· For each layer, determine L=1 DFT-based SD basis candidate 
· FFS: Whether the indication of selected SD basis indices follows Rel-16 eType-II or Rel-15 Type-I
·  
· For 4≥RI>1, L=1 SD basis vector is independently selected for different layers
· FFS: Common SD vector selection for a pair of layers (reduced total number of bits for SD basis vector selection), SD basis selection restriction to reduce SD overhead for RI>4
· W2 structure: 
· Option 1: Layer-specific inter-polarization amplitude and phase scaling (single scaling coefficient per polarization) 
· FFS: WB/SB amplitude and phase reporting. 
· Option 2: Layer-specific intra-polarization (two scaling coefficients per polarization) amplitude and phase scaling. 
· FFS: WB/SB amplitude and phase reporting.
· FFS: Rel-15 3-bit WB amplitude and M-PSK co-phasing and M is further down-selected from {2, 4, 8, 16}.
· Scheme3: Adding new (N1, N2) values where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and
· W1 structure: 
· Reuse legacy Rel-16 eType-II SD basis with L>1 to determine the DFT-based SD basis candidates, and indication of SD basis indices follows Rel-16 eType-II
· For 4≥RI>1, L>1 SD basis vectors are commonly selected across layers
· FFS: SD basis selection restriction to reduce SD overhead for RI>4
· W2 structure: 
· Option 1: Layer-specific sub-band SD basis selection (1 out of L) and inter-polarization M-PSK co-phasing where M is further down-selected from {2, 4, 8, 16}
· Option 2: Layer-specific wideband SD basis linear combination and inter-polarization scaling coefficient (e.g., amplitude scaling + M-PSK co-phasing) where M is further down-selected from {2, 4, 8, 16}
· Scheme4: Using legacy Rel-15 Type-I codebook including legacy (N1, N2) values per NZP CSI-RS resource (or port group) where the PMI (associated with W1 and W2) is calculated according to
· W1 structure: Reuse legacy Rel-15 Type-I SD basis with L=1 or L=4 for either each or some of the NZP CSI-RS resources (or port groups)
· W2 structure: inter-NZP CSI-RS resource (or port group) co-phasing along with reusing legacy Rel-15 Type-I inter-polarization co-phasing per NZP CSI-RS resource (or port group)
· inter-CSI-RS resource (or port group) co-phasing is used to combine the different PMIs to come up with a single precoder with >32 ports
· Scheme5: Adding new (N1, N2) values where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and extending the set of orthogonal beams for the selection of the second beam based on the Rel-15 Type-I single-panel codebook
· (i1,1, i1,2) is used to refer to the 1st beam as in legacy Rel-15 Type-I
· The 2nd beam is selected from the extended set of orthogonal beams of size: 
· FFS: whether to apply any restrictions to the extended orthogonal set of beams
· Scheme6: Adding new (N1, N2) values where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and 
· Beam(s) is(are) selected for each antenna group or NZP CSI-RS resource. 
· Inter-group (or CSI-RS resource) co-phasing along with inter-polarization co-phasing per group (or CSI-RS resource) are used to combine different beam(s), FFS using scalar quantization or vector quantization for the co-phasings 
FFS (by RAN1#116bis): Down-select (O1, O2) value between (2,2) and (4,4), whether (O1, O2) and/or (q1, q2) is layer-common or layer-specific
FFS (by RAN1#116bis): Whether extension of Rel-15 Type-I MP codebook for Rel-19 Type-I is also supported
FFS (by RAN1#116bis): Whether to introduce larger L values (e.g. 6, 8, 10) 
FFS: Whether to refine CBSR design to reduce RRC overhead
Agreement
For the Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support also RI=5-8, with lower priority than RI=1-4:
FFS: Reduced complexity design, whether to reuse legacy RI=5-8 structure, based on the outcome of RI=1-4



There are 6 identified schemes for Type I codebook enhancement in RAN1#116. In order to aid down selection, we provide our assessment of these schemes in Table 1.
In our opinion, the basic design principles of long-term, large-scale, wideband, and low feedback overhead nature of Rel-15 Type I codebooks should be retained for extension of Rel-19 Type I codebook for up to 128 ports. A codebook with linear combination coefficients (representing the more dynamic small scale fading coefficients), subband beam selection from a larger/whole set of beams, and amplitude scaling is not preferred for Type I codebook. With these design principles in mind, Schemes 1 and 2 are deserving candidates for single panel codebook extension, while Schemes 4 and 6 are more suitable for multi-panel (MP) codebook extensions.
	Codebook Scheme
	Description/Analysis

	Scheme 1
	· Retains Rel-15 design – implementation advantage
· However, restricted beam/co-phase selection

	Scheme 2
	· Free beam and co-phase selection per layer
· Higher complexity with higher overhead

	Scheme 2B
	· Scheme 2 with amplitude scaling within a beam – not a usual Type I behavior

	Scheme 3
	· Option 1 with L>1 SD beam selection similar to Scheme 2
· Option 2 mimics eType II, special configurations of eType II may already provide corresponding benefits

	Scheme 4
	· SD basis selection per CSI-RS resource → More suitable for multi-panel/multi-TRP scenario

	Scheme 5
	· Relaxes beam selection for layers
· Scheme 2 may be a better candidate for fully free selection, however with more overhead

	Scheme 6
	· Similar to Scheme 4 with SD basis selection per port group and inter-group co-phasing


Table 1 Assessment of Rel-19 Type I codebook alternatives
Observation 4: Schemes 1 and 2 are deserving candidates for single panel codebook extension, while Schemes 4 and 6 are more suitable for multi-panel codebook extensions.
Further, Rel-19 CSI enhancement is envisioned to cater to deployments of thousands of antenna elements in upper FR1 and/or new frequency bands. Since the ecosystem may not be ready with such large antenna element numbers, deployments could start with placements involving a mix of co-located and largely spaced multiple panels. They could also involve distributed radio units (i.e., antenna panels) connected to a central processor. In such cases, a joint SD beam is not the optimal choice and inter-panel phases need to be taken care. A Type I multi-panel codebook design would accelerate the adoption of higher port transmission by the entire ecosystem.
Proposal 3: For the Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support refinement of both single panel and multi-panel codebooks
In Fig. 3, we show the UPT-overhead performance of codebook schemes 1 and 2 with respect to the baseline Rel-15 Type I codebook for 32 Tx. The evaluation is done under 4 Rx UE, SU-MIMO with rank adaptation up to 4 and a traffic loading of 20 %. The remaining simulation assumptions are found in the Appendix. The intention of comparing against Rel-15 Type I codebook for 32 Tx is to verify the performance and overhead of Scheme 1, which is a straightforward extension of Rel-15 when the legacy beam selection procedure for ≥16 ports is retained for ranks 3-4.
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Figure 2 Performance comparison of Type I codebook schemes
For both Scheme 1 and 2, we use  and layer common selection factors  as per legacy. From the figure, we see that Scheme 1 already provides up to 20 % UPT gain for 128 Tx with negligible increase in feedback overhead compared to Rel-15 Type I for 32 Tx. Further, it is observed that Scheme 2, with layer specific L=1 wideband beam selection and layer-specific subband co-phasing (BPSK, QPSK) can provide significant performance gain, up to 45 % compared to Rel-15 Type I for 32 Tx. However, the downside of layer specific beam selection and co-phasing is the large feedback overhead compared to Scheme 1. With BW = 10 MHz and subband size of 4 PRBs, the feedback overhead of Scheme 2 is more than 4 times that of Scheme 1.
Observation 5: Scheme 1 for Rel-19 Type I codebook enhancement provides up to 20 % UPT gain for 128 Tx with negligible increase in feedback overhead compared to Rel-15 Type I for 32 Tx
Observation 6: Scheme 2 for Rel-19 Type I codebook enhancement, with layer specific wideband beam selection and layer-specific subband co-phasing can provide significant performance gain, up to 45 % compared to Rel-15 Type I for 32 Tx, however, at the cost of up to 4 times the feedback overhead of Scheme 1.
In view of the better UPT-overhead trade off offered by Scheme 1, it should be supported as a baseline/basic feature of Rel-19 Type I codebook enhancement, while considering the performance benefit offered by Scheme 2 with limited computational complexity increase, it can be supported as an advanced feature. Further, we think that in Scheme 1, the port grouping for SD beam selection when rank = 3,4 can be done away with to obtain a better beamforming gain and unify the beam selection procedure for all port numbers.
Since we propose to have two codebook schemes, we think that mode-2 for Scheme 1 need not be supported.
Proposal 4: For Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support adding new (N1, N2) values for the Rel-15 Type-I single-panel codebook where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources as a basic feature along with
· Support mode 1 (L=1) only
·  For rank-3/4, follow legacy SD beam selection mechanism for <16 ports
Proposal 5: For Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support adding new (N1, N2) values along with layer specific L=1 wideband beam selection and layer-specific subband QPSK co-phasing (based on Scheme 2)
Regarding the discussion on whether to support oversampling ratio  or , we provide our simulation results in Fig. 3.  
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Figure 3 Performance comparison of oversampling ratios 2 and 4
In this figure, we show the performance of Type I codebook based on Scheme 1 for  and  with layer common selection  as per legacy. It is seen that  incurs only about 1.5 % UPT loss compared to . Although the feedback overhead reduction is small with  the computational complexity to find the best orthogonal group is reduced non-negligibly without affecting the performance. Therefore  is preferred.
Observation 7: For Rel-19 Type I codebook based on Scheme 1,  incurs about 1.5 % UPT loss compared to .
Proposal 6: For Rel-19 Type I codebook enhancement up to 128 ports, support  and layer common selection  as per legacy.
As explained earlier, we think that MP codebooks could find relevance for large antenna array deployments. In order to study whether there is scope to enhance Rel-15 Type I MP codebooks, we first briefly note the key features of this codebook in Table 2.
	Feature
	Mode 1
	Mode 2

	SD beam selection
	· Same across all panels, wideband only
· Restricted selection across layers

	Panel restriction
	
	 only

	Inter-panel co-phasing
	Wideband only
	Wideband or subband

	Intra-panel inter-polarization co-phasing
	· Wideband or subband
· Same across all panels
	· Wideband or subband
· Different across panels

	Selection of inter-panel and intra-panel co-phasing factors
	Restricted across layers


Table 2 Features of Rel-15 Type I MP codebook
We see that Mode 1 of Rel-15 Type I MP codebook is quite restrictive in terms of wideband only inter-panel co-phasing and panel-common inter-polarization co-phasing. While Mode 2 removes these restrictions, it is restricted for   only. Finally, both mode 1 and mode 2 restrict the same SD beam for all panels. While such restriction is reasonable for small antenna arrays, it may not be valid for large antenna arrays since a UE may be located at different angles (directions) with respect to different panels of the large antenna array. In such case, allowing different SD beams for different panels is more appropriate.
Based on this reasoning, we propose some simple enhancements to Rel-15 Type I MP codebook structure in Table 3.
	Feature
	Rel-19 Type I MP codebook

	SD beam selection
	· Different across panels, wideband only
· Restricted selection across layers per panel (same as Rel-15 Type I SP)

	Panel restriction
	 (i.e., same as number of CSI-RS resources K)
FFS: Other values of  to support port grouping as in Scheme 6.

	Inter-panel co-phasing
	Wideband or Subband

	Intra-panel inter-polarization co-phasing
	· Wideband or subband
· Different across panels

	Selection of inter-panel co-phasing
	Layer common
FFS: Layer-specific

	Selection of intra-panel co-phasing
	Restricted selection across layers per panel (same as Rel-15 Type I SP)


Table 3 Enhancements for Rel-19 Type I MP codebook
The Rel-19 Type I MP codebook structure (Scheme 4) for layer-common selection of inter-panel co-phasing can then be written as:

where each  corresponds to the legacy Rel-15 Type I SP PMI, while the codebook structure for layer-specific selection of inter-panel co-phasing can be written as:

where  represents the layer specific co-phasing for panel 
In Fig. 4, we show the performance of the proposed codebook in a multi-panel setting. The Tx antenna configuration is (8,16,2,2,1,2,8), i.e., there are 2 vertical panels, each with 32 ports, requiring K=2 CSI-RS resources of 32 ports each. The separation between the two panels is . The performance of Rel-15 Type I MP codebook mode 2 directly extended to 64 ports by adding new values of  is chosen as the baseline. Scheme 2 is as described before for SP, i.e., layer specific L=1 wideband beam selection and layer-specific subband QPSK co-phasing. For Scheme 4, Rel-15 Type I SP codebook mode 1 is reused directly per panel, along with layer-specific inter-panel BPSK co-phasing.
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Figure 4 Performance comparison of MP Type I codebooks
It is seen that due to free selection of SD beams and inter-polarization co-phasing per layer, Scheme 2 can offer about 8 % UPT gain compared to extension of Rel-15 Type I MP codebook. However, Scheme 4, with free selection of SD beams per panel and subband inter-panel co-phasing can outperform Scheme 2 by 3 % with some increase in feedback overhead, which is mainly due to panel-specific SD beam selection and layer-specific inter-panel co-phasing.
Observation 8: In a multi-panel setting, Scheme 2 with free selection of SD beams and inter-polarization co-phasing per layer can offer about 8 % UPT gain compared to extension of Rel-15 Type I MP codebook.
Observation 9: In a multi-panel setting, Scheme 4 with free selection of SD beams per panel and subband inter-panel co-phasing can outperform Scheme 2 by 3 %.
Based on the above observations, we propose to further study extension of MP codebooks up to 128 ports based on Scheme 4.

Proposal 7: For extending Rel-19 Type I multi-panel (MP) codebook for up to 128 CSI-RS ports, further study at least the following enhancements:
· Independent selection of spatial domain (SD) beams across panels
·  (i.e., same as number of CSI-RS resources K) or other values
· Independent selection of intra-panel inter-polarization co-phasing across panels
· Layer-common vs. layer-specific inter-panel co-phasing
2.3 CRI enhancement for hybrid beamforming
In RAN1#116 meeting, we have the following agreements for CRI based CSI enhancements:
	Agreement
For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, in accordance to the WID, extend the Rel-15 CRI-based CSI reporting as follows:
· A UE is configured to measure KS>1 NZP CSI-RS resources with equal number of ports, with up to 32 ports per NZP CSI-RS resource
· Note: The maximum number of ports per NZP CSI-RS resource for a given value of KS will be discussed separately
· Containing the information of M “quadruplets” {(CRIn, RIn, PMIn, CQIn), n=0, …, M–1} in one CSI reporting instance where the value range of M (≤KS) is {1, …, min(X, KS)}
· FFS (by RAN1# 116bis): The supported value(s) of X (candidates are 2, 4, 6, KS)
· FFS (by RAN1# 116bis): Whether the value of M is NW-configured via higher-layer (RRC) signalling, or UE-selected (as a part of CSI report), or a combination of the two
· A same legacy codebook (with up to 32 ports) is configured for (associated with) all M “quadruplets”
FFS: detailed UCI design/optimization (e.g. overhead reduction)
FFS: Whether solution to allow CSI reporting for larger number of CSI-RS resources across multiple CSI reports is supported
FFS: whether further restriction(s) on CMR configuration is needed, including relation with IMR
FFS: the packing order of the information of M “quadruplets”, CSI omission rule
FFS: Whether all the K CSI-RS resources are associated with a same CSI-RS resource set or not
FFS: Whether KS, maximum # ports per resource, and X depend on codebook type
Agreement
For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, regarding the supported codebook(s) for calculating CQI/PMI/RI on each of the M CRI(s), decide, in RAN1#116bis, between the two alternatives: 
· Alt1: only Rel-15 Type-I Single Panel codebook 
· Alt2: Rel-15 Type-I Single Panel codebook and the Rel-16 eType-II codebook

Agreement
For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, the supported combinations of KS value and the maximum number of ports per NZP CSI-RS resource are as follows:
· FFS: UE capability on KS and the number of ports per resource
	KS
	Maximum # ports per resource

	2, 3, 4
	32

	5, 6, 7, 8 
	16






Following the progress made in RAN1#116, the key issues for CRI enhancement include decision on the value of X for the reported quadruplets ; the reported codebook configured for each of the M quadruplets and whether the value of M is RRC configured, UE selected or a combination of the two.
Regarding the value of X, the value of X=2 may be restrictive from NW perspective to schedule multiple analog beams, especially when the number of digital ports per beam is less (e.g., 16), while a larger value of X would potentially be computationally complex, consume more feedback overhead and may also result in inter-beam interference if large M is selected. Therefore, in our opinion, a value of X=4 is a good trade-off between complexity, overhead and performance.
Proposal 8: For the Rel-19 CRI-based CSI refinement, support X=4 for reporting of  quadruplets.
From the up to X quadruplets reporting, the NW could potentially form X analog beams and enable MU-MIMO across analog beams, which is one of the justifications of this enhancement. In each beam, the channel is expected to be correlated with limited multi-user pairing opportunity. Therefore, a Type I codebook per CRI is justified. Further, the complexity and feedback overhead of computing and reporting up to X Rel-16 eType II PMIs would be prohibitive. Therefore, we support R15 Type I SP codebook configured for all the  quadruplets.
Proposal 9: For the Rel-19 CRI-based CSI refinement, support R15 Type I SP codebook configuration for all the  quadruplets.
The support of Rel-16 eType II PMI per CRI, as discussed earlier, is detrimental both in terms of performance due to correlated channel per analog beam and also computation and reporting overhead. However, with more digital ports per CRI, NW performance could improve with the use of eType II. From UE perspective, supporting eType II per CRI could be considered if there are further restrictions on the following:
· The value of X (e.g. X=1)
· Total number of ports across KS resources (e.g., up to 64)
· The number of resources KS (e.g., up to 4)
Proposal 10: For the Rel-19 CRI-based CSI refinement, further study restriction on X, KS and total number of ports across KS resources for support of Rel-16 eType II.
Finally, we prefer that the value of M is configured by the NW taking into account its own beamformed CSI-RS implementation, inter-beam interference and other NW parameters. For the UE to decide an appropriate value of M could be computationally complex. We also note that UE is not required to calculate RI/PMI/CQI for all CSI-RS resources for reporting of M CRI(s), which is up to UE implementation.
Proposal 11: For the Rel-19 CRI-based CSI refinement, support RRC configured value of M, the number of reported CRIs.
· Note: UE is not required to calculate RI/PMI/CQI for all CSI-RS resources for reporting of M CRI(s), which is up to UE implementation.
3. Conclusion
In summary, based on the above discussion we have the following observations and proposals:
Observation 1: For mapping up to 128 aggregated CSI-RS ports to PMI ports, the natural mapping of overall port index = CSI-RS port index within a resource + resource index * number of ports within a resource supports multi-panel/CJT codebook structure with block diagonal  matrix
Observation 2: For mapping up to 128 aggregated CSI-RS ports to PMI ports, the ports corresponding to first polarization of all resources need to be aggregated first, followed by the ports corresponding to the second polarization of all resources
Observation 3: Depending on whether the NW wants to enhance the beamforming gains in the horizontal or vertical dimension, there could be more than one method of aggregating the ports within a polarization.
Observation 4: Schemes 1 and 2 are deserving candidates for single panel codebook extension, while Schemes 4 and 6 are more suitable for multi-panel codebook extensions.
Observation 5: Scheme 1 for Rel-19 Type I codebook enhancement provides up to 20 % UPT gain for 128 Tx with negligible increase in feedback overhead compared to Rel-15 Type I for 32 Tx
Observation 6: Scheme 2 for Rel-19 Type I codebook enhancement, with layer specific wideband beam selection and layer-specific subband co-phasing can provide significant performance gain, up to 45 % compared to Rel-15 Type I for 32 Tx, however, at the cost of up to 4 times the feedback overhead of Scheme 1.
Observation 7: For Rel-19 Type I codebook based on Scheme 1,  incurs about 1.5 % UPT loss compared to .
Observation 8: In a multi-panel setting, Scheme 2 with free selection of SD beams and inter-polarization co-phasing per layer can offer about 8 % UPT gain compared to extension of Rel-15 Type I MP codebook.
Observation 9: In a multi-panel setting, Scheme 4 with free selection of SD beams per panel and subband inter-panel co-phasing can outperform Scheme 2 by 3 %.
Proposal 1: For mapping up to 128 aggregated CSI-RS ports to PMI ports, support RRC configuration of mapping from a predefined list of mappings.
Proposal 2: For the Rel-19 Type-I and Type-II codebook refinement for up to 128 CSI-RS ports, reuse Rel-18 CJT restrictions on CMR and IMR – including the K CSI-RS resources belonging to the same set and transmitted within two consecutive slots, and only one resource for interference measurement.
Proposal 3: For the Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support refinement of both single panel and multi-panel codebooks
Proposal 4: For Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support adding new (N1, N2) values for the Rel-15 Type-I single-panel codebook where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources as a basic feature along with
· Support mode 1 (L=1) only
·  For rank-3/4, follow legacy SD beam selection mechanism for <16 ports
Proposal 5: For Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support adding new (N1, N2) values along with layer specific L=1 wideband beam selection and layer-specific subband QPSK co-phasing (based on Scheme 2)
Proposal 6: For Rel-19 Type I codebook enhancement up to 128 ports, support  and layer common selection  as per legacy.
Proposal 7: For extending Rel-19 Type I multi-panel (MP) codebook for up to 128 CSI-RS ports, further study at least the following enhancements:
· Independent selection of spatial domain (SD) beams across panels
·  (i.e., same as number of CSI-RS resources K) or other values
· Independent selection of intra-panel inter-polarization co-phasing across panels
· Layer-common vs. layer-specific inter-panel co-phasing

Proposal 8: For the Rel-19 CRI-based CSI refinement, support X=4 for reporting of  quadruplets.
Proposal 9: For the Rel-19 CRI-based CSI refinement, support R15 Type I SP codebook configuration for all the  quadruplets.
Proposal 10: For the Rel-19 CRI-based CSI refinement, further study restriction on X, KS and total number of ports across KS resources for support of Rel-16 eType II.
Proposal 11: For the Rel-19 CRI-based CSI refinement, support RRC configured value of M, the number of reported CRIs.
· Note: UE is not required to calculate RI/PMI/CQI for all CSI-RS resources for reporting of M CRI(s), which is up to UE implementation.
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SLS assumptions for CSI enhancement for up to 128 ports
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense urban macro

	Frequency Range
	4 GHz

	Inter-site distance
	200 m 

	Channel model
	Based on TR 38.901

	Antenna setup and port layouts at BS
	32 ports: (16,16,2,1,1,2,8)
64 ports: (16,16,2,1,1,4,8)
128 ports: (16,16,2,1,1,4,16)
(dH, dV) = (0.5, 0.8)λ

	Antenna setup and port layouts at UE
	4RX: (2,1,2,1,1,1,1)

	BS Tx power 
	41 dBm

	BS antenna height 
	25 m 

	UE antenna height & gain
	According to TR36.873 

	UE receiver noise figure
	9 dB

	Modulation 
	Up to 256QAM 

	Numerology
	Slot/non-slot 
	14 OFDM symbol slot

	
	SCS 
	15kHz 

	Simulation bandwidth 
	10 MHz 

	Frame structure 
	Slot Format 0 (all downlink) for all slots

	MIMO scheme
	SU/MU-MIMO adaptation with up to rank 2
SU-MIMO with up to rank 4

	CSI feedback 
	CSI feedback periodicity:  5 ms 
Scheduling delay: 4 ms

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Traffic load (Resource utilization)
	70% for MU-MIMO
20 % for SU-MIMO

	UE distribution
	80% indoor (3km/h), 20% outdoor (30km/h) 

	UE receiver
	MMSE-IRC 

	Baseline for performance evaluation
	Rel-15 Type I SP for up to 32 ports

	
	Rel-16 eType II for up to 32 ports
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