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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-bis [2].
2. CSI enhancement for up to 128 CSI-RS ports
2.1. Type I/II PMI enhancements
In RAN1#116 meeting, we have the following agreements for Type I codebook enhancements:
	Agreement
For the Rel-19 Type-I single-panel (SP) codebook refinement for 48, 64, and 128 CSI-RS ports, for RI=1-4, support the following:
· Scheme-A (based on Scheme1 in RAN1#116 agreement): Adding new (N1, N2) values for the Rel-15 Type-I single-panel codebook mode-1 (L=1) where 2N1N2 (>32) is the total number of CSI-RS ports across aggregated NZP CSI-RS resources, and for rank-3/4, follow legacy mechanisms for <16 ports
· Scheme-B (based on Scheme2 in RAN1#116 agreement): 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
· For 1<RI≤4, L=1 SD basis vector is independently selected for different layers
· The SD basis selection indication includes layer-common (q1,q2) and  bits for each layer
· Note: This implies that each of the SD basis vectors is selected from a group of N1N2 orthogonal basis vectors
· W2 structure: Layer-specific inter-polarization co-phasing with the alphabet {+1, +j, -1, -j}
FFS (RAN1#116bis): For Rel-19 Type-I SP, whether to support Mode-C based on Scheme5 in RAN1#116 agreement with L=1 for RI=2-4
FFS (RAN1#116bis): For Rel-19 Type-I SP, whether inter-polarization amplitude for Mode-B can also be supported
FFS: Discuss further if Rel-19 Type-I MP extension based on scheme 4 is needed
Agreement
For the Rel-19 Type-I single-panel (SP) codebook refinement for 48, 64, and 128 CSI-RS ports, for RI=1-4, O1=O2 is 4
· FFS: Additional support for O1=O2 is 2 when RI=1-4 (including separate UE capability)

Agreement
For the Rel-19 Type-I codebook refinement for 48, 64, and 128 CSI-RS ports, 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-I multi-panel (MP) codebook refinement for 48, 64, and 128 CSI-RS ports, for RI=1-4, decide, by RAN1#117, whether to support Type-I multi-panel (MP) codebook refinement in Rel-19. 
If supported, decide from the following alternatives:
· Scheme1. Based on Rel-15 Type-I MP design directly extended with Ng=K (2, 3, and 4), and new (N1, N2) values
· Scheme2. Based on Scheme4/6 as described in the RAN1#116 agreement
· W1 structure: Reuse legacy Rel-15 Type-I SP SD basis selection with L=1 independently for each of the K NZP CSI-RS resources
· W2 structure:
· Legacy Rel-15 Type-I inter-polarization co-phasing rules independently in each resource,
· Layer-common inter-resource M-PSK co-phasing, where M is further down-selected from {2,4}
· FFS: Whether inter-resource co-phasing is wideband or per subband. 
If so, decide, by RAN1#117, whether port mapping scheme similar to, e.g. Rel-18 Type-II CJT, needs to be specified. 
Note: This topic is lower priority compared to the Rel-19 Type-I SP codebook refinement
Conclusion 
For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=1-4, there is no consensus on supporting the following additional enhancements: Mode-C, inter-polarization amplitude for Scheme-B, larger values of L (>1, including 2, …, 10)
Agreement
For the Rel-19 Type-I SP and Type-II codebook refinements for 48, 64, and 128 CSI-RS ports via aggregating K>1 CSI-RS resources, regarding timeline, introduce two UE capabilities:
· Capability 1: Reuse legacy Z/Z’ values
· Capability 2: Scale the legacy timeline Z/Z’ by ceil(P/32) where P is the total number of ports across all the K aggregated CSI-RS resources
FFS: CPU occupation and active resource counting
Note: 
· The legacy timeline Z/Z’ for Type-I corresponds to Z1/Z1’ in Table 5.4-2 of TS38.214 for Type-I WB SP-CSI with at most 4 CSI-RS ports in a single resource without CRI, and Z2/Z2’ for other Type-I cases
The legacy timeline Z/Z’ for Type-II corresponds to Z2/Z2’
Agreement
For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, the UCI parameters are captured in the tables below for Scheme-A and Scheme-B:
· Note: The second column includes the location of the parameters when reported with two-part UCI
· FFS (RAN1#117): Select between Alt1 and Alt2 for Scheme-B

Scheme-A
	Parameter
	UCI
	Details/description
	Status

	RI
	Part 1
	Same as Rel-15 Type-I SP: RI=v
	Complete

	Wideband CQI for the first TB
	Part 1
	Same as Rel-15 Type-I SP
	Complete

	Subband differential CQI for the first TB (*)
	Part 1
	Same as Rel-15 Type-I SP
	Complete

	Wideband CQI of the second TB
	Part 2

Wideband
	Same as Rel-15 Type-I SP
Only present when v >4 
	Complete

	Subband CQI of the second TB (*)
	Part 2

Subband
	Same as Rel-15 Type-I SP
Only present when v >4
	Complete

	First SD basic vector selection indicator
	Part 2 

Wideband
	v=1-4: Same as Rel-15 Type-I SP with the scheme following < 16-port design of Rel-15 Type-I SP codebookMode=1
v=5-8: FFS
	v=1-4: Complete
v=5-8: Pending

	Second SD basis vector selection indicator
	Part 2 

Wideband
	v=1-4: Same as Rel-15 Type-I SP with the scheme following < 16-port design of R15 Type-I codebookMode=1 
v=5-8: FFS
	v=1-4: Complete
v=5-8: Pending

	Inter-pol co-phase selection indicator
	Part 2

Wideband or Subband (**)
	v=1-4: Same as Rel-15 Type-I SP with the scheme following < 16-port design of R16 Type-I codebookMode=1
v=5-8: FFS
	v=1-4: Complete
v=5-8: Pending



Scheme-B
	Parameter
	UCI
	Details/description
	Status

	RI
	Part 1
	Same as Rel-15 Type-I SP: RI=v
	Complete

	Wideband CQI for the first TB
	Part 1
	Same as Rel-15 Type-I SP
	Complete

	Subband differential CQI for the first TB (*)
	Part 1
	Same as Rel-15 Type-I SP
	Complete

	Wideband CQI of the second TB
	Part 2

Wideband
	Same as Rel-15 Type-I SP
Only present when v>4
	Complete

	Subband CQI of the second TB (*)
	Part 2

Subband
	Same as Rel-15 Type-I SP
Only present when v >4
	Complete

	SD basis oversampling (rotation) factor q1, q2
	Part 2

Wideband
	v=1-4: Values of q1, q2 follow Rel-16 eType-II,  bit indicator
v=5-8: FFS
	v=1-4: Complete
v=5-8: Pending

	SD basis vector selection indicator for each layer
	Alt1: Part 1
Alt2: Part 2 

Wideband
	v=1-4: 
· Alt1:  bit indicator per layer l=1, …, RIMAX
· Alt2:  bit indicator per layer l=1, …, v
v=5-8: FFS
	Pending

	Inter-pol co-phase selection indicator for each layer
	Part 2

Wideband or Subband (**)
	v=1-4: 
· Alt1: QPSK with orthogonality constraints across v layers
· Alt2: QPSK: 2-bit indicator per layer l=1,…,v
v=5-8: FFS
	Pending


(*): Not included when CQI reporting granularity is set to ‘wideband’
(**): Wideband when PMI reporting is set to ‘wideband’, Subband when PMI reporting granularity is set to ‘subband’
Agreement
For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=5-8, decide, by RAN1#117, from the following schemes:
· Scheme1: adding new (N1, N2) values for the Rel-15 Type-I RI=5-8
· Scheme2: 
· W1 structure: Independent selection of different ceil(v/2) SD basis vectors for RI = v, where each SD basis vector is applied to two respective layers except that, if v is odd, the last SD basis vector is applied to the orphan layer. Each of the SD basis vectors is freely selected from a group of N1N2 orthogonal SD DFT basis vectors via combinatorial indication 
· FFS: mapping between v layers and ceil(v/2) SD basis vectors
· FFS: support of 4 selected SD basis vectors for RI=5-6
· W2 structure:
· For inter-polarization co-phasing, M (e.g., M = 4) codepoints for the orphan layer and M/2 codepoints for two layers sharing a same SD basis vector;
· A fixed p rotation of inter-polarization co-phasing between two layers sharing a same SD basis vector to achieve layer orthogonality.
· Scheme3: the 1st beam is freely selected and subsequent 2 beams (RI=5-6) or 3 beams (RI=7-8) are freely selected such that they are orthogonal in at least one dimension (horizontal or vertical). Layers are mapped to the selected SD basis vectors following legacy Rel-15 for RI=5-8. One co-phasing across all layers ∈{1,j} following legacy Rel-15 Type-I RI=5-8
· Scheme4: concatenate two independently calculated RI=1-4 PMIs for RI=5-8 to reduce UE complexity where each PMI is calculated from the agreed RI=1-4 codebook (Scheme-A or Scheme-B) and the CQI for each of the two CWs is derived assuming it is received by one antenna group of 4 antenna ports (FFS: Whether additional mapping between the two PMIs and the two UE antenna groups is needed)
· Other schemes are not precluded

Agreement
For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, regarding CBSR design:
· 1-bit hard restriction is supported (analogous to Rel-15 Type-I)
· FFS: 3-bit scaling factor for soft restriction with the scaling factor taken into account in CQI/PMI calculation
· Moving (N1, N2) configuration out from CBSR IE and the CBSR can be optional configured
· Send LS to RAN2, and subject to RAN2 consent
· -bit CBSR where each bit in the CBSR is associated with a set of X1X2 SD basis vectors, where the set includes X1 adjacent SD basis vectors along the N1 direction and/or X2 adjacent SD bases along the N2 direction
· FFS: Value(s) of X1 and X2 and detailed design/spec impact 
FFS: Whether/how to enable shared CBSR in RRC configuration for Type-I/II codebooks with a same (N1,N2).



2.1.1 Type I SP RI=1-4 UCI parameters and omission
Regarding UCI parameters for Rel-19 Type I SP Scheme B, the first alternative Alt 1 reports only orthogonal SD bases indicators in UCI part 1 while maintaining the orthogonality for other layers by having an orthogonal code cover in the co-phasing. With this mechanism of reporting, we think that there will be additional reporting to indicate how many, and which layers share the same SD bases. Further, there might be additional signaling, specification, or computational effort to indicate or calculate the code cover and co-phasing used for orthogonality constraints. Alt 1 also reports the SD bases indicators in UCI Part 1 CSI which is not the legacy behavior. Therefore, we support Alt 2 which captures Scheme B in a straightforward manner without requiring additional signaling or reporting and retains the legacy CSI part 1 packing order.
Proposal 1: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, for Scheme B, support Alt 2 to indicate SD bases and co-phasing selection indicators.
Once the decision regarding placing SD bases indicators in UCI part 1 or 2 is made, the partitioning of UCI parameters is complete; and UCI omission for Type I SP codebook can follow the legacy rules for Part 2 CSI omission of Rel-15 Type I codebook.
Proposal 2: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, regarding UCI omission, follow the legacy rules of part 2 UCI omission.
2.1.2 Type I SP CBSR
Regarding soft restriction for Rel-19 Type-I SP codebook, it is noted that in Rel-16 eType II, soft amplitude restriction of beams incurs computational complexity at UE to optimize the linear combination coefficients such that the soft restriction is satisfied while ensuring that precoding properties of low inter-layer interference and higher desired signal power are retained. Since there are no linear combination coefficients in Type I codebook, soft restriction would impact SD bases search algorithm and thus is not preferred to be incorporated in PMI calculation.
Proposal 3: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, regarding CBSR design, do not support 3-bit soft restriction for PMI calculation.
2.1.3 Type I SP enhancement for RI=5-8
Regarding the extension of Rel-19 Type I SP codebook to rank > 4, we note that in the current commercial market, there is no immediate deployment and need for > 4layer receivers due to antenna number limitations in FDD bands. In TDD bands, SRS antenna switching based DL channel acquisition is known to provide better performance. Further, such high multi-layer transmissions are only feasible to cell-centre UEs due to better SINR conditions. In such cases, it is rare for SRS channel estimation to fail. Due to these, the DL codebook for >4 layers is usable in very limited scenarios for which a complicated design need not be supported.
Considering the performance benefits provided by free SD bases selection in Rel-19 SP Type I Scheme B for RI=1-4, and the feedback overhead and implementation advantage provided by Rel-15 Type I SP codebook, it is worthwhile to consider their counterparts for extension to RI=5-8, i.e., Scheme 2 and Scheme 1, respectively.
Scheme 3 expands the set of orthogonal beams compared to Rel-15 Type I, as such, it is expected to provide improved performance with slightly higher feedback overhead and can be considered as an alternate candidate to Scheme 1.
Finally, Scheme 4, with two separate groups of 4-layer receivers necessitates a specific UE Rx architecture with potential mapping between the two PMIs or two codewords to UE antenna groups. With UE implementation advancements in future, such separate UE receivers may no longer be needed.
Proposal 4: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=5-8, support Scheme 1 and Scheme 2 as counterparts of Rel-19 SP Type I Scheme A and B for RI=1-4.
Proposal 5: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=5-8, support, as a second preference, Scheme 3 as an alternative to Scheme 1.
2.1.4 Type I MP enhancement
Need for multi-panel codebook: Although multi-panel antenna configurations have not been commercially deployed so far, it may not be the case for large antenna arrays with up to a few thousand antenna elements and 128 Tx ports. The inability to synthesise such large antenna elements on a single panel or the physically large size of the single panel could introduce phase non-coherency across antenna elements. Compensating these phase incoherencies would necessitate the need for a multi-panel codebook.
In order to study the scope to enhance Rel-15 Type I MP codebook, we first briefly note the key features of this codebook in Table 1.
	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

	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 1 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 the restriction of panel-common inter-polarization co-phasing, 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. Further, due to large antenna array size, it is expected that there would be propagation delay variations across antenna elements, for which subband inter-panel co-phasing should be supported.
It is also interesting to note that the channel modelling study item for 7-24 GHz bands (where we anticipate the deployment of 128 Tx antenna arrays) agreed [3] to further study antenna element wise modelling of angles and delays and antenna element set wise blockage or cluster visibility probability. Such kinds of channels would necessitate antenna element set wise SD bases and subband inter-set co-phasing.
Proposal 6: Type I MP codebook enhancements to support up to 128 CSI-RS ports should be supported in Rel-19
Based on the above reasoning, we proposed some simple enhancements to Rel-15 Type I MP codebook structure in Table 2, which was captured as Scheme 2 in RAN1#116 meeting [2].
	Feature
	Proposal for 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)

	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

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


Table 2 Enhancements for Rel-19 Type I MP codebook
The Rel-19 Type I MP codebook structure (Scheme 2) 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.
In Fig. 1, we show the performance of the proposed codebook in a multi-panel setting. The gNB antenna configuration is (16,4,2,1,4,8,2), i.e., there are 4 horizontal panels, each with 32 ports, requiring K=4 CSI-RS resources of 32 ports each. Two distances for inter-panel separation are shown – namely  and . The performance of Rel-15 Type I MP codebook mode 1 directly extended to 128 ports by adding new values of  for  is chosen as the baseline. For Scheme 2, Rel-15 Type I SP codebook mode 1 is reused directly per panel, along with layer-common inter-panel BPSK and QPSK co-phasing. Additionally, we also show the performance of Rel-19 Type I SP Mode A agreed in RAN1#116.
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Figure 1 Performance comparison of MP Type I codebooks
It is seen that plain extension of Rel-15 Type I MP codebook by adding new values of  performs poorly compared to Rel-19 Type I SP Mode A due to limitations of same intra-panel inter-polarization co-phasing, beam offset values not being supported up to 32 ports per panel, and wideband inter-panel co-phasing. It is seen that with selection of SD beams and inter-polarization co-phasing per panel, Scheme 2 can provide up to 10 % UPT gain compared to extension of Rel-15 Type I MP codebook.
It is further seen that the performance gain of Scheme 2 is more when inter-panel distance is increased. This is mainly because as antenna array size and/or inter-panel distance increases, angles across antenna elements start to decorrelate and legacy codebooks with same SD beam start to show inferior performance.
Observation 1: In a multi-panel setting, Scheme 2 with selection of SD beams and inter-polarization co-phasing per panel can offer about 10 % UPT gain compared to extension of Rel-15 Type I MP codebook.
Observation 2: In a multi-panel setting, the performance gain of Scheme 2 is more when inter-panel distance is increased, because as antenna array size and/or inter-panel distance increases, angles across antenna elements start to decorrelate and different SD beams across panels are needed to match the channel.
In the offline discussion [4], based on companies’ comments that co-located MP deployments should support common SD bases across panels, a compromise was reached between Scheme 1 and 2 as follows:
	Proposal 1.E.1: For the Rel-19 Type-I multi-panel (MP) codebook refinement for 48, 64, and 128 CSI-RS ports, for RI=1-4, support the following (compromise between Scheme 1 and Scheme2 described in RAN1#116bis):
1. W1 structure: Common SD basis selection across all the Ng=K NZP CSI-RS resources, reusing legacy Rel-15 Type-I SP SD basis selection rules with L=1 for RI=1-4
3. Ng = K = {2, [3], 4} denotes the number of NZP CSI-RS resources associated with the Ng panels
1. W2 structure:
4. Legacy Rel-15 Type-I inter-polarization co-phasing rules independently in each resource,
4. Layer-common sub-band inter-resource QPSK co-phasing



The performance results for this compromised proposal are shown in Fig. 2 below. The inter-panel spacing is maintained at  to closely approximate co-located multi-panel deployment.
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Figure 2 Performance comparison between Scheme 1 and 2 for Type I MP
It is seen that the compromised proposal 1.E.1 shows 1~2 % UPT degradation compared to Scheme 2. This is because Scheme 2 offers flexibility to compensate the angle difference (however small) between panels due to large array size. In case there is no angle difference between panels, Scheme 2 does not preclude the UE report of common SD bases, thereby offering the best performance in either case. Further, we anticipate that the flexibility of Scheme 2 will be more beneficial in non-co-located/mixed deployments. 
Based on the above observations, we support Rel-19 Type I MP codebook enhancement up to 128 ports based on Scheme 2.
Proposal 7: For extending Rel-19 Type I multi-panel (MP) codebook for up to 128 CSI-RS ports, support Scheme 2.
2.1.5 Other issues
There are two other issues identified in the offline discussion [4], for which we provide our views below.
SRS port grouping for 6Rx and 8Rx
	Proposal 1.A.2: For a UE configured with a total of PSRS=6 or 8 ports across ≥1 SRS resources for antenna switching intended for xT6R or xT8R, respectively, support the following fixed SRS port grouping where (with the PSRS ports indexed in an ascending order according to SRS resource ID and port number within each SRS resource): 
· SRS port group 0, corresponding to CW0, comprises the first PSRS/2 out of PSRS ports; and 
· SRS port group 1, corresponding to CW1, comprises the second PSRS/2 out of PSRS ports 
For CQI calculation, UE follows the above grouping assumption 
Note: different SRS ports are associated with different UE antenna ports.
Note: if one single CW is scheduled, both SRS port groups can correspond to the same CW
Note: This feature is a separate UE capability and, for UEs supporting this capability, configured via RRC (FFS details on the extend of RRC configuration)



This proposal aims to ease UE receiver complexity for >4layer reception with SRS-AS based DL precoding. The assumption is that gNB acquires the DL channel corresponding to two disjoint UE antenna groups and controls the inter-group interference so that the UE calculates the CQI separately for the two groups. However, with this proposal, the UE would potentially be required to maintain two implementations – one, for conventional DL >4layer codebook reception and SRS based non-PMI reception without any assumption on the inter codeword (or inter-antenna group) interference, and another, with antenna grouping assumption for SRS based non-PMI reception only. The first implementation seems to be natural and most straightforward and the second one, as noted in the proposal, is a separate UE capability. So, it would be fine to support this proposal as potential future UE implementation.
Support for up to 4 CSI-RS resources for Non-Codebook UL transmission
	Proposal 1.A.3: On the NZP CSI-RS resource aggregation of K=2, 3 or 4 legacy NZP CSI-RS resources to attain a total of 48, 64, and 128 ports (for Rel-19 Type-I/II codebook refinement), support to configure a CSI-RS resource set with the K CSI-RS resources as the associated NZP CSI-RS for each of the SRS resource set(s) with higher layer parameter usage in SRS-ResourceSet set to 'nonCodebook',
The previously agreed restrictions on the K resources for Rel-19 Type-I/II codebook refinement apply
Reuse the legacy approach for triggering of the NZP-CSI-RS resources and the legacy timeline for the NZP-CSI-RS resources and SRS



We think that for a gNB equipped with up to 128 Tx, the Rx capability could be much higher. In such case, the PUSCH reception performance would be dominated by the strong Rx beamformer used at gNB rather than on the precoder applied by UE. This makes the motivation for non-codebook-based UL Tx weak. Moreover, gNB can use the same Tx beamformer as the Rx beamformer to transmit the CSI-RS associated with SRS without the need for more than one resource. Based on these reasons, we think that the legacy specification is sufficient and NW implementation can ensure that UE obtains the full CSI.
However, since nonCodebook UL transmission mode is optional and associating CSI-RS with SRS is a further optional feature for UE implementation, we are fine to support this feature as a potential future UE implementation.
2.2 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, 
· For Rel-15 Type-I Single Panel codebook, M is NW-configured via higher-layer (RRC) signaling with candidate value(s) of {1, …, min(4,KS)}
· The maximum value of M is subject to UE capability
· For Rel-16 eType-II, M=1 is supported
· The maximum value of KS is {1,2,3,4} and subject to UE capability 
· The support for Rel-16 eType-II is a separate UE capability at least from the support for Rel-19 Type-I and Type-II codebook refinements
· FFS (RAN1#116bis): The support for M=2, and if so, the value of M={1, 2} is NW-configured via higher-layer (RRC) signaling, and if additional restriction(s) are needed
FFS: The determination of M reported beams
Note: Selection algorithm of CRI(s) from measurement of KS>1 NZP-CSI-RS resources is up to UE implementation.
Agreement
For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, the following report quantities are supported:
· ‘cri-RI-PMI-CQI ‘
· ‘cri-RI-LI-PMI-CQI’ (only for Type-I)
· FFS: ‘cri-RI-i1-CQI’ (only for Type-I)
· FFS: ‘cri-RI-i1’ (only for Type-I)

Agreement
For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, for M>1, the M CRIs (each with  bits) are separated indicated 
· FFS: whether to support NW configuring/requesting the UE to report CRI/RI/PMI/CQI associated with MR (<M) of KS CSI-RS resources, including whether further reduction in the number of hypotheses is supported, i.e. reporting (M – MR) CRIs (each with  bits)

Agreement
For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, for M>1, SD basis selection is independently signalled per CRI (per CSI-RS resource)


2.2.1 gNB configured CRI reporting
For gNB configuring the UE to report CSI information associated with MR (<M) of KS CSI-RS resources, it is beneficial from UE complexity point of view to support a reduced number of hypotheses for CRI detection. However, since such configuration can depend on NW scheduling and dynamic interference conditions, it reasonable to consider this configuration only for AP CSI reporting triggered by DCI. The configured set of MR CRIs could be provided in the CSI-AssociatedReportConfigInfo of an AP trigger state. Different AP trigger states may provide different configurations of MR CRIs, and then NW could trigger one of the AP trigger states on demand.
For example, with a CSI-RS resource set consisting of  resources and configured  and , a set of possible configurations (trigger states) could be:
· AP trigger state #1: CRI = {0, 1} must be reported
· AP trigger state #2: CRI = {1, 2} must be reported
· AP trigger state #3: CRI = {2, 3} must be reported
· AP trigger state #4: CRI = {0, 3} must be reported
· AP trigger state #5: Configured set of  CRI(s) is not present/provided

During the RRC configuration of the AP trigger states, the NW implementation could ensure fixed values for  and  so that the UCI payload does not depend dynamically on DCI content. This can ensure reporting of (M – MR) CRIs each with  bits.
Proposal 8: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, consider NW configuring the UE to report CRI/RI/PMI/CQI associated with MR (<M) of KS CSI-RS resources only for AP CSI reporting triggered by DCI
Proposal 9: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, the configured set of MR CRIs could be provided in the CSI-AssociatedReportConfigInfo of an AP trigger state.
Proposal 10: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, with NW configuring the UE to report CRI/RI/PMI/CQI associated with MR (<M) of KS CSI-RS resources, support reporting of (M – MR) CRIs each with  bits.
2.2.2 UCI optimization and omission
In RAN1 #116-bis, there was a discussion on optimizing the UCI parameters to reduce feedback overhead for multi-CRI reporting. Specifically, CRI common RI and differential WB CQI with respect to largest WB CQI were proposed [4].
Depending on the NW implementation of analog beams, the rank of the beamformed channel could be different in different beams, so a CRI common RI could underreport or overreport the rank for certain beams, which leads to overall throughput degradation. Further, CRI common RI could necessitate some dependencies in processing the different CSI-RS resources. Therefore, CRI common RI should not be supported.
With CRI specific RI and PMI, we think that the WB CQIs across CRIs could experience a large variation, not enough to be captured by differential CQI. Therefore, we do not prefer differential WB CQI.
Proposal 11: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, do not support CRI common RI and differential WB CQI.
For UCI omission, we prefer to follow legacy Rel-17 NCJT UCI partition, i.e., Part 1 contains RI(s), CRI(s), CQI(s) for the first codeword and is zero padded to a fixed payload size, if needed. Part 2 contains the CQI(s) for the second codeword (if reported) when RI is larger than 4, LIs (if reported, only for Type I) and PMI(s).
With Rel-15 Type I SP PMI configured per CRI, since the payload of up to 4 32-port PMIs in CSI part 2 may not be accommodated in a single priority level, there is a need to define priority levels. One possible way could be to order the PMIs in order of their corresponding WB CQIs, with the PMI having the highest WB CQI given the highest priority.
With Rel-16 eType II PMI configured per CRI, the legacy priority values and Groups may be retained, i.e., priority levels 2Nrep – 2 , 2Nrep – 1 and 2Nrep could contain Group 0 CSI of PMI 1 and 2, Group 1 CSI of PMI 1 and 2, and Group 2 CSI of PMI 1 and 2, respectively, where Nrep is the number of CSI reports
Proposal 12: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, follow legacy Rel-17 NCJT UCI partition, i.e., Part 1 contains RI(s), CRI(s), CQI(s) for the first codeword and is zero padded to a fixed payload size, if needed. Part 2 contains the CQI(s) for the second codeword (if reported) when RI is larger than 4, LIs (if reported, only for Type I) and PMI(s).
Proposal 13: With Rel-15 Type I SP PMI configured per CRI, since the payload of up to 4 32-port PMIs in CSI part 2 may not be accommodated in a single priority level, there is a need to define priority levels.
Proposal 14: With Rel-16 eType II PMI configured per CRI, the legacy priority values and Groups may be retained, i.e., priority levels 2Nrep – 2, 2Nrep – 1 and 2Nrep could contain Group 0 CSI of PMI 1 and 2, Group 1 CSI of PMI 1 and 2, and Group 2 CSI of PMI 1 and 2, respectively, where Nrep is the number of CSI reports.
2.2.3 CSI reporting quantities
From UE complexity and feedback overhead point of view, it is desirable to support at least the report quantity ‘cri-RI-i1’ since the UE only needs to calculate and report wideband quantities, which would aid the gNB in refining the downlink analog beam.
For the report quantity ‘cri-RI-i1-CQI’, we think that the reported CQI may not be useful if the UE assumed i2 coefficients do not match the beamformed channel. However, if the CQI granularity is configured to be wideband, this CQI can match the computed i1 coefficients, thereby aiding the gNB in assessing the quality of a downlink beam.
Proposal 15: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, support the report quantity ‘cri-RI-i1.
Proposal 16: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, consider the report quantity ‘cri-RI-i1-CQI’ to be configured along with wideband CQI only.
2.2.4 CBSR
The main intention of codebook subset restriction is to reduce interference to other systems spatially located within the coverage of serving beam. With hybrid beamforming, NW can design a good analog beamformer considering various system-wide parameters to limit interference. Further, with UE reporting multiple CRIs, NW can choose the CRI that limits interference to other systems. Therefore, a significant effort need not be made to enhance CBSR for multi-CRI reporting, and legacy CBSR mechanisms per CRI can be directly used.
Observation 3: With hybrid beamforming, gNB can design the analog beamformer considering system-wide parameters to mitigate interference to spatially adjacent systems.
However, for eType II PMI, as explained earlier, soft amplitude restriction of beams incurs computational complexity at UE to optimize the linear combination coefficients such that the soft restriction is satisfied while ensuring that precoding properties of low inter-layer interference and higher desired signal power are retained. Given that analog beamforming can already mitigate interference, it is preferred to support only hard amplitude restriction.
Proposal 17: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, support CRI specific CBSR signaling with hard amplitude restriction only.
3. Conclusion
In summary, based on the above discussion we have the following observations and proposals:
Observation 1: In a multi-panel setting, Scheme 2 with selection of SD beams and inter-polarization co-phasing per panel can offer about 10 % UPT gain compared to extension of Rel-15 Type I MP codebook.
Observation 2: In a multi-panel setting, the performance gain of Scheme 2 is more when inter-panel distance is increased, because as antenna array size and/or inter-panel distance increases, angles across antenna elements start to decorrelate and different SD beams across panels are needed to match the channel. 
Observation 3: With hybrid beamforming, gNB can design the analog beamformer considering system-wide parameters to mitigate interference to spatially adjacent systems.
Proposal 1: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, for Scheme B, support Alt 2 to indicate SD bases and co-phasing selection indicators.
Proposal 2: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, regarding UCI omission, follow the legacy rules of part 2 UCI omission.
Proposal 3: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, regarding CBSR design, do not support 3-bit soft restriction for PMI calculation.
Proposal 4: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=5-8, support Scheme 1 and Scheme 2 as counterparts of Rel-19 SP Type I Scheme A and B for RI=1-4.
Proposal 5: For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=5-8, support, as a second preference, Scheme 3 as an alternative to Scheme 1.
Proposal 6: Type I MP codebook enhancements to support up to 128 CSI-RS ports should be supported in Rel-19
Proposal 7: For extending Rel-19 Type I multi-panel (MP) codebook for up to 128 CSI-RS ports, support Scheme 2.
Proposal 8: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, consider NW configuring the UE to report CRI/RI/PMI/CQI associated with MR (<M) of KS CSI-RS resources only for AP CSI reporting triggered by DCI
Proposal 9: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, the configured set of MR CRIs could be provided in the CSI-AssociatedReportConfigInfo of an AP trigger state.
Proposal 10: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, with NW configuring the UE to report CRI/RI/PMI/CQI associated with MR (<M) of KS CSI-RS resources, support reporting of (M – MR) CRIs each with  bits.
Proposal 11: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, do not support CRI common RI and differential WB CQI.
Proposal 12: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, follow legacy Rel-17 NCJT UCI partition, i.e., Part 1 contains RI(s), CRI(s), CQI(s) for the first codeword and is zero padded to a fixed payload size, if needed. Part 2 contains the CQI(s) for the second codeword (if reported) when RI is larger than 4, LIs (if reported, only for Type I) and PMI(s).
Proposal 13: With Rel-15 Type I SP PMI configured per CRI, since the payload of up to 4 32-port PMIs in CSI part 2 may not be accommodated in a single priority level, there is a need to define priority levels.
Proposal 14: With Rel-16 eType II PMI configured per CRI, the legacy priority values and Groups may be retained, i.e., priority levels 2Nrep – 2, 2Nrep – 1 and 2Nrep could contain Group 0 CSI of PMI 1 and 2, Group 1 CSI of PMI 1 and 2, and Group 2 CSI of PMI 1 and 2, respectively, where Nrep is the number of CSI reports.
Proposal 15: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, support the report quantity ‘cri-RI-i1.
Proposal 16: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, consider the report quantity ‘cri-RI-i1-CQI’ to be configured along with wideband CQI only.
Proposal 17: For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, support CRI specific CBSR signaling with hard amplitude restriction only.
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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 (Single panel)
	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



image1.png
og,(N,N,)




image2.png
Nog,(0,0,)]




image3.png




image4.png
Avg. UPT gain

108

107

106

105

104

103

102

101

100

99

128 Tx DU 4GHz, ISD 200, 10 MHz BW, SB size = 4 RB, 4Rx, SU-MIMO
up to rank 4, FTP traffic with RU 30 %, 4 panels with spacing 2.5\

/

—1

—&— Scheme 2 QPSK (WB, SB)

—8— Scheme 2 BPSK (WB, SB)
® —+—SP Type | Mode A

—&—Rel-15 Type | MP

20 40 60 80 100 120 140 160 180
Feedback Overhead (bits)




image5.png
112

110

108

o
)
K

Avg. UPT gain
g

102

100

98

128 Tx DU 4GHz, ISD 200, 10 MHz BW, SB size = 4 RB, 4Rx, SU-MIMO
up to rank 4, FTP traffic with RU 30 %, 4 panels with spacing 5A

—&—Scheme 2 QPSK (WB,SB)
—m—scheme 2 BPSK (WB, SB)
—+—SP Type | Mode A
—&—Rel-15 Type | MP

20 40 60 80 100 120 140 160 180
Feedback Overhead (bits)




image6.png
Avg. UPT gain

108

107

106

105

104

103

102

101

100

99

128 Tx DU 4GHz, ISD 200, 10 MHz BW, SB size = 4 RB, 4Rx, SU-MIMO
up to rank 4, FTP traffic with RU 30 %, 4 panels with spacing 2.5\

20

40

L
e

—%—Scheme 1/2 (L.E.1, WB, SB)
—&— Scheme 2 QPSK (WB, SB)
—8— Scheme 2 BPSK (WB, SB)
—+—SP Type | Mode A
—&—Rel-15 Type | MP

60 80 100 120 140 160 180
Feedback Overhead (bits)




image7.png
[log, K]




image8.png
[log,(K:— Mp)]




