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List of agreements
The following agreements were made during RAN1#104bis-e meeting [1] (the numbering is ours):

Agreement (A1)
Following working assumption is confirmed (with revision in RED):
· At least for rank 1 and 2, FD bases used for Wf quantization are limited within a single window with size N configured to the UE whereas FD bases in the window must be consecutive from an orthogonal DFT matrix, i.e., Alt 1.
· FFS other restrictions, e.g., value(s) of N, if the value of N3 is small
· FFS other restrictions, e.g., when the number of CSI-RS ports is small

Conclusion (C1)
For Rel-17 PS codebook, there is no consensus on the support of Mv>2 for Wf.

Agreement (A2)
For Rel-17 PS codebook, the reserved state for reference amplitude is to be reserved as Rel-16 PS codebook. 

Agreement (A3)
For Rel-17 PS codebook, support reporting of the position, [il*, fl*], of the strongest coefficient (SCI) of layer l, using ceil(log2(K1*Mv)) bits.

Agreement (A4)
For Rel-17 PS codebook, support layer-common port selection for rank 2.

Agreement (A5)
Support parameter combinations represented by (alpha, Mv, beta) with K1 = alpha*P for Rel-17 PS codebook
· The candidate values of alpha are {1/2, 3/4, 1}
· Note that exact parameter combination will be discussed from RAN1 106bis: 
· based on trade-off among UPT performance, feedback overhead, and complexity
· based on all supported ranks
· Limit total number of parameter combinations comparable to Rel-16 eType II
· Mv = {1, 2} and beta = {[1/4], 1/2, 3/4, 1} are from previous agreements

Agreement (A6)
For Rel-17 PS codebook with Rank 2, support layer-specific bitmap for indicating non-zero coefficient selection of W2.

Agreement (A7)
Support rank 3 and 4 for Rel-17 PS codebook with following:
· Supporting ranks 3 and 4 is optional with separate UE capability (same as Rel-16 PS codebook)
· The maximal CSI overhead of rank 3 and 4 is comparable to rank 2
· FFS: use a smaller K1 (or alpha) or beta for ranks 3 and 4, or limit the maximum number of non-zero coefficients across all layers to 2K0 and per layer to K0 with the same beta
· FFS: limit Mv=1 for ranks 3 and 4 PMI

Agreement (A8)
At least for rank 1/2 and Mv > 1, for relationship between N and Mv, support following alternative
· Alt 2-1: N >= Mv, Wf is layer-common and reported by UE for N>Mv.
· For Mv=2, N=2 and one value from {3, 4, 5}
· RAN1 to select one value from {3, 4, 5} in RAN1#106bis-e
· FFS: how to report Wf in terms of reporting mechanism and associated bits when Mv=2 and N=one value from {3, 4, 5}
Note: Wf is layer-common for N=Mv
Note: For all alternatives, a layer-common window/set of size N is configured.

Agreement (A9)
If a bitmap for indicating non-zero coefficients can be absent, down-select one Alt from the following for Rel-17 PS codebook:
· Alt 1: At least for rank 1 PMI, the bitmap of indicating non-zero coefficients is not needed if Mv=1 and Beta=1.
· FFS the need for Mv>1 and/or Beta<1
· Alt 2: For rank 1 /2 PMI, the bitmap(s) of indicating non-zero coefficients for corresponding layer(s) is absent if reported KNZ=K1*Mv*rank
· Where KNZ is the number of non-zero coefficients
· Alt 3: In addition to Alt 2, additional field is reported by UE to inform whether the bitmap of indicating non-zero coefficients for specific layer is absent if rank>1.
· Alt 4: The bitmap of indicating non-zero coefficients is not needed if the number of coefficients is sufficiently small, i.e. K1Mv ≤ δ
Note: If none of above Alternative is agreed in RAN1#106bis-e, the bitmap for indicating non-zero coefficient is always present by default.

Agreement (A10)
For Rel-17 PS codebook, following values of R are supported:
· R = 1 and
· At most one value from {2, D* NPRBSB}
· FFS: which one is to be decided in RAN1#106bis if support, and applicable conditions, e.g. whether the support of this feature when Mv=1
· D is the density of CSI-RS in frequency domain and NPRBSB is the subband size in PRBs
· Note that this R is optional if supported

In this contribution, we study some of the above agreements and provide our additional views on CSI enhancement based on FDD angle and delay reciprocity for Rel-17.

Codebook enhancements based on reciprocity of angle and/or delay
Background
Based on applicable agreements and working assumptions, we briefly describe our understanding of the current state of the Rel-17 PS CB design. The Rel-17 PS CB precoder for layer  can be expressed as
,
where 
·  is a free-selection matrix selecting  ports out of  ports for both polarizations for polarization-common-based free selection; 
·  is the matrix of coefficients for layer ; and
·  is a DFT-based compression matrix. 

Note that  is layer-common for rank  and , see agreement (A8). If  is layer-common, then  for . Whether  is layer-common or -specific for rank  and/or is still to be discussed. The amount of required feedback overhead is summarized in Table 1.

[bookmark: _Ref79134189]Table 1. Feedback overhead of Rel-17 PS CB.
	Index
	Bits
	Comment

	
	, or
	Select  (or ) SD-vectors.

	
	, or 
	Select  FD-vectors for layer . 

	
	
	Bitmap of non-zero coefficients  of layer , , .

	
	 
	Strongest coefficient index (SCI) of layer  signaled as .

	
	
	Per polarization gains  of layer  for .

	
	, 
	Amplitude coefficients  of layer  for , .

	
	 , 
	Phase coefficients  of layer  for , .




Design aspects of 
An aspect that needs to be discussed during RAN#106b-e, still, is the design of the window from within which FD bases may be selected. Per agreement, FD bases must be consecutive columns from an orthogonal DFT matrix. Also, the window is layer-common and may be characterized by two parameters:
· the window size, ; and
· the start column of the window, .

Restrictions arising from current agreements limit the values that  and  can take. These restrictions are summarized in Table 2. 

[bookmark: _Ref79135224]Table 2. Restrictions applicable to  and , based on RAN1#105-e and RAN1#106-e agreements and conclusions.
	
	
	
	

	

	TDB[footnoteRef:2] [2:  See discussion in Sec. 2.2.1 for proposed restrictions on .] 

	TDB1
	TDB1

	

	 (A8, RAN1#106-e),  and one value of  (A8)
	 and one value of  (A8)
	FFS: limit Mv=1 for ranks 3 and 4 PMI (A7)

	
	 (A8, RAN1#106-e),  (A8), no consensus (C1)
	 (A8), no consensus (C1)
	FFS: limit Mv=1 for ranks 3 and 4 PMI (A7)




Similarly, the layer-commonness of  is also restricted by agreements, as summarized by Table 3.

[bookmark: _Ref84005592]Table 3. Layer-commonness of  , based on RAN1#105-e and RAN1#106-e agreements and conclusions.
	
	
	
	

	

	N/A
	TDB
	TDB

	

	N/A
	 is layer-common (A8)
	FFS: limit Mv=1 for ranks 3 and 4 PMI (A7)

	
	N/A
	 is layer-common (A8), no consensus (C1)
	FFS: limit Mv=1 for ranks 3 and 4 PMI (A7)




[bookmark: _Ref79142414]

[bookmark: _Ref84017774]On the meaning of switching  ON and OFF
A much-debated topic during RAN1#106-e is the (de)activation of the FD compression matrix . As to what it means to (de)activate  several interpretations have been offered by companies, but no consensus was reach during RAN1#106-e. To sort out this issue, companies are encouraged to provide their views on Proposal 5-1 in [5]: 
Proposal 5-1 
For Rel-17 PS codebook:
·  OFF and ON with  are same, and  is an all-one vector of length .
· Support pmiReportingFormat = WB [if ].
· FFS: the case when no SB size is configured (from RAN1#105-e agreement).






From NWM discussions, see [5], it seems that all companies support the first bullet of the proposal, i.e., “ OFF and  ON with  are same, and  is an all-one vector of length .” Also, most companies support removing the second bullet, as they cannot see that it is needed. A few companies, however, oppose on the grounds that removing said bullet would leave the spec in some inconsistent state. The following passage from 38.214, Sec. 5.2.1.4, is offered as an illustration of the issue.

A CSI Reporting Setting is said to have a wideband frequency-granularity if 
- reportQuantity is set to 'cri-RI-PMI-CQI', or 'cri-RI-LI-PMI-CQI', cqi-FormatIndicator is set to 'widebandCQI' and pmi-FormatIndicator is set to 'widebandPMI', or 
- reportQuantity is set to 'cri-RI-i1' or 
- reportQuantity is set to 'cri-RI-CQI' or 'cri-RI-i1-CQI' and cqi-FormatIndicator is set to 'widebandCQI', or 
- reportQuantity is set to 'cri-RSRP' or 'ssb-Index-RSRP' or 'cri-SINR', or 'ssb-Index-SINR' 
otherwise, the CSI Reporting Setting is said to have a subband frequency-granularity.

The argument is that if pmi-FormatIndicator is not declared as WB whenever , then by virtue of said passage, an associated CSI Reporting Setting should be interpreted as having subband frequency granularity, which would arguably be wrong.
While there is some merit with this reasoning, our view is that the easiest way out of this issue is to adopt the same stance as in Rel-16 and declare the pmi-FormatIndicator not applicable. In fact, this can be accomplished by changing the spec only slightly, as illustrated below:

The reportFreqConfiguration contained in a CSI-ReportConfig indicates the frequency granularity of the CSI Report. A CSI Reporting Setting configuration defines a CSI reporting band as a subset of subbands of the bandwidth part, where the reportFreqConfiguration indicates: 
[...]
- a UE is not expected to be configured with pmi-FormatIndicator if codebookType is set to 'typeII-r16' or 'typeII-PortSelection-r16' or 'typeII-PortSelection-r17'. 
A CSI Reporting Setting is said to have a wideband frequency-granularity if 
- reportQuantity is set to 'cri-RI-PMI-CQI', or 'cri-RI-LI-PMI-CQI', cqi-FormatIndicator is set to 'widebandCQI' and pmi-FormatIndicator is set to 'widebandPMI', or 
- reportQuantity is set to 'cri-RI-i1' or 
- reportQuantity is set to 'cri-RI-CQI' or 'cri-RI-i1-CQI' and cqi-FormatIndicator is set to 'widebandCQI', or 
- reportQuantity is set to 'cri-RSRP' or 'ssb-Index-RSRP' or 'cri-SINR', or 'ssb-Index-SINR' 
otherwise, the CSI Reporting Setting is said to have a subband frequency-granularity.



Hence, we make the following proposal:

Proposal 1. Support proposal 5-1 from RAN1#106-e, but only the first bullet, i.e., “ OFF and  ON with  are same, and  is an all-one vector of length .” The second and third bullets are not needed and should be dropped. Instead, amend 38.214 to declare pmi-FormatIndicator not applicable to Rel-17 PS CB, i.e., “a UE is not expected to be configured with pmi-FormatIndicator if codebookType is set to 'typeII-r16' or 'typeII-PortSelection-r16' or 'typeII-PortSelection-r17'”.

For the sake of clarity, we also make the following additional proposal:

Proposal 2. The terminology  ON/OFF is not needed for Rel-17 PS CB and can be abandoned.

[image: ]
[bookmark: _Ref79138395][bookmark: _Ref79138389]Figure 1. Illustration of the FD window parameters. MPCs (within green cells) tend to concentrate about certain directions (vertical axis) and delays (horizontal axis). If known from UL CSI, this information may be extrapolated to the DL. In this example, the FD window has length  and starts at .

Having said the above, an issue with the first bullet in Proposal 5-1 in [5] is that the FD window start parameter appears to be hardcoded to , i.e., all ones. While one may save some overhead, hardcoding  does not play nicely for MU-MIMO settings. This is because the setting  relies on the assumption that CSI-RS have been pre-shifted by the gNB to compensate for the propagation delay to the UEs. Propagation delays are, however, UE dependent, i.e., different UEs require different pre-shift compensations, see Figure 1. 

Observation 1. Propagation delays are UE dependent, i.e., different UEs require different pre-shift compensations of CSI-RS pilots in the delay domain.

A potential solution to this issue is to allow  to be freely selected by each UE, e.g., . This requires a modest overhead only. For example,  can be coded using  bits. Note that overhead savings are possible by selecting coarser quantization steps, e.g., , where  would play a role similar to the FD sampling size parameter  of Rel-15 Type II PS CB.

Observation 2. Free selection of  by UEs (as opposed to , always) achieves the same effect as pre-shifting the CSI-RS in the delay domain and has the additional advantage that CSI-RS can be used in a MU-MIMO setting.
Proposal 3. Free selection of  by the UEs, e.g., , or  for some , should be supported.

In our understanding, the value  has only been agreed for  and , see Table 2, and therefore Proposal 3 makes sense.

Bitmap for indicating non-zero coefficients
Another issue to be discussed during RAN1#106b-e is the following:

Agreement (A9)
If a bitmap for indicating non-zero coefficients can be absent, down-select one Alt from the following for Rel-17 PS codebook:
· Alt 1: At least for rank 1 PMI, the bitmap of indicating non-zero coefficients is not needed if Mv=1 and Beta=1.
· FFS the need for Mv>1 and/or Beta<1
· Alt 2: For rank 1 /2 PMI, the bitmap(s) of indicating non-zero coefficients for corresponding layer(s) is absent if reported KNZ=K1*Mv*rank
· Where KNZ is the number of non-zero coefficients
· Alt 3: In addition to Alt 2, additional field is reported by UE to inform whether the bitmap of indicating non-zero coefficients for specific layer is absent if rank>1.
· Alt 4: The bitmap of indicating non-zero coefficients is not needed if the number of coefficients is sufficiently small, i.e. K1Mv ≤ δ
· Note: If none of above Alternative is agreed in RAN1#106bis-e, the bitmap for indicating non-zero coefficient is always present by default.

In our understanding, the only alternative that allows dropping the bitmap for indicating non-zero coefficients and unambiguously recovering all non-zero coefficients is Alt-2. Additionally, Alt-2 does not incur additional UE complexity. We therefore make the following proposal:

Proposal 4. Support Alt 2, “For rank 1/2 PMI, the bitmap(s) of indicating non-zero coefficients for corresponding layer(s) is absent if reported , where  is the number of non-zero coefficients.”



Further restrictions of SD bases selection
From [1], as well as earlier discussions, it appears that reciprocity of the UL and DL signal subspaces is not easily upheld. However, angles and delays of individual multipath components (MPCs) are, indeed, reciprocal. How can we extrapolate UL CSI to the DL? One way to achieve this is to apply restrictions on the SD vectors that can be selected by the UE. 

[image: ] [image: ]
[bookmark: _Ref79145921]Figure 2. Illustration of SD vectors restriction. Based on UL CSI (left), the gNB can restrict the set of DL SD beams eligible by the UE to those compatible with the UL CSI (right).

Figure 2 illustrates the case of restricting the set of eligible SD vectors. In this example, a gNB learns from UL SRS that signals arrive through only a few directions. Therefore, it makes sense in the DL to restrict the set of eligible CSI-RS ports to those aligned compatible with said directions. In the figure, the UE is only allowed to select from the set of eligible (hashed) CSI-RS ports. Since the number of choices by the UE has been reduced, less bits are needed to encode the DL CSI feedback reports.

Proposal 5. Based on UL CSI, further restrict the set of CSI-RS ports eligible by the UE to those compatible with UL signal angles. By reducing the number of choices, less bits are needed to encode the DL CSI feedback reports by the UE.

The details of the signaling of the set of CSI-RS ports eligible by the UE need to be discussed. It is however clear that having restricted the number of eligible CSI-RS ports from  to, say, , the original set of candidate values of , with , can also be reduced, e.g., to , with . This feature is particularly useful in MU-MIMO settings.

Observation 3. In a MU-MIMO setting, having reduced the number of CSI-RS ports eligible by the UE from  to , candidate values of  can be kept at small values. 

[bookmark: _Hlk47387515]Conclusions

This document considered enhancements to Rel-17 in order to achieve a better tradeoff among UE complexity, performance and reporting overhead. The following observations and proposals have been made:

Proposal 1. Support proposal 5-1 from RAN1#106-e, but only the first bullet, i.e., “ OFF and  ON with  are same, and  is an all-one vector of length .” The second and third bullet are not needed and should be dropped. Instead, amend 38.214 to declare pmi-FormatIndicator not applicable to Rel-17 PS CB, i.e., “a UE is not expected to be configured with pmi-FormatIndicator if codebookType is set to 'typeII-r16' or 'typeII-PortSelection-r16' or 'typeII-PortSelection-r17'”.
Proposal 2. The terminology  ON/OFF is not needed for Rel-17 PS CB and can be abandoned.

Observation 1. Propagation delays are UE dependent, i.e., different UEs require different pre-shift compensations of CSI-RS pilots in the delay domain.
Observation 2. Free selection of  by UEs (as opposed to , always) achieves the same effect as pre-shifting the CSI-RS in the delay domain and has the additional advantage that CSI-RS can be used in a MU-MIMO setting.

Proposal 3. Free selection of  by the UEs, e.g., , or  for some , should be supported.
Proposal 4. Support Alt 2, “For rank 1/2 PMI, the bitmap(s) of indicating non-zero coefficients for corresponding layer(s) is absent if reported , where  is the number of non-zero coefficients.”
Proposal 5. Based on UL CSI, further restrict the set of CSI-RS ports eligible by the UE to those compatible with UL signal angles. By reducing the number of choices, less bits are needed to encode the DL CSI feedback reports by the UE.

Observation 3. In a MU-MIMO setting, having reduced the number of CSI-RS ports eligible by the UE from  to , candidate values of  can be kept at small values. 
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