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List of agreements

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

Agreement (A1)
For Rel-17 port selection codebook, the maximal value of CSI-RS port number P as Pmax is 32.
Conclusion
At least for rank 1, no further restriction or condition is applied for polarization-common based free-selection and combinatorial coefficient-based port selection for .

Agreement (A2)
At least for rank 1, candidate values of  for port selection matrix  in  are {2, 4, 8, 12, 16, 24, 32}. 
· Note: for polarization-common based free-selection, it means to select the same  ports out of  ports for both polarizations

Agreement (A3)
Further reduction for possible parameter combinations among codebook parameters of Rel-17 port selection codebook, e.g. {, , Beta}, will be discussed jointly once candidate values are determined
· 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
· Exact parameters (e.g., with 2 or 3 parameters) within each combination are FFS
· Other parameterizations of codebook parameter (e.g., alpha with = Alpha*# of CSI-RS ports and Alpha <=1) are not excluded

Agreement (A4)
A polarization-specific bitmap for indication non-zero coefficients should be supported for .

Agreement (A5)
For the quantization of  coefficient, reusing following Rel-16 quantization mechanism for Rank1 at least:
· Two polarization-specific reference amplitudes:
· for the polarization associated with the strongest coefficient, the reference amplitude is not reported
· for the other polarization, reference amplitude is quantized to 4 bits
· The alphabet is {1, 1/2)^(1/4), (1/4)^(1/4), (1/8)^(1/4), …, (1/2^14)^(1/4), [Reserved]} (-1.5dB step size)
· For coefficients other than the strongest coefficient
· differential amplitude is calculated relative to the associated polarization-specific reference amplitude and quantized to 3 bits
· The alphabet is {1, 1/sqrt(2), 1/2, 1/(2*sqrt(2)), 1/4, 1/(4*sqrt(2)), 1/8, 1/(8*sqrt(2))} (-3dB step size)
· phase is quantized to 16PSK
· For the reserved state for reference amplitude, down-select one Alt 
· Alt 1: it is kept to be reserved
· Alt 2: it is replaced as (1/2)^(15/4)
· Alt 3: it is replaced as (1/2)^(3/8)
Note: whether/how SCI is supported for R17 codebook will be discussed separately

Agreement (A6)
At least for rank 1 and 2, for the compression coefficient Beta for non-zero coefficients of , values of Beta are {[1/4], 1/2, 3/4, 1} 
· Note: [1/4] means that 1/4 is also a candidate value for the discussion on reduction of parameter combinations, but has a lower priority compared to other beta values

Working Assumption (WS1)
At least for rank 1, FD bases used for  quantization are limited within a single window with size  configured to the UE whereas FD bases in the window must be consecutive from an orthogonal DFT matrix, i.e. Alt 1.
· FFS: Further dependence/restriction, e.g., conditioned on  or the number of CSI-RS ports, can be applied to above design. If does, how to support a non-consecutive FD bases used for  quantization. 
· FFS: Whether to introduce thresholds for  and/or .

Agreement (A7)
For  in ,  is supported for R17 PS codebook 
· FFS: whether further dependence/restriction, i.e., conditioned on the number of CSI-RS ports, can be applied to .
· FFS: Whether  can be supported for # of CSI-RS ports, e.g., 4 or 8.

Agreement (A8)
At least for rank 1 and for ,  for the single window with size  is fixed to be 0

Conclusion
For PS codebook enhancements utilizing DL/UL reciprocity of angle and/or delay, there is no consensus of further enhancement for CSI-RS configurations associated with Rel-17 PS codebook. 

Agreement (A9)
At least for rank 1 and 2 and , for relationship between  and , study and down-select one alternative from following in RAN1#106-e
· Alt 1:  always, no UE reporting of .
· Alt 2-1: ,   is layer-common and reported by UE for .
· Alt 2-2: ,  is layer-specific and reported by UE for .
[bookmark: _Hlk78813648]Note:  is layer-common for 
Note: For all alternatives, a layer-common window/set of size N is configured.

Agreement (A10)
Support rank 2 for Rel-17 codebook

Agreement (A11)
For Rel-17 port selection codebook, study following Alternatives and down-select in RAN1 106e:
· Alt 1:  OFF and  ON with  are same, and  is an all-one vector of length .  as an all-one vector of length 1 is not needed
· Alt 2:  OFF and  ON with  are same, and  is an all-one vector of length 1, i.e., a scalar.  as an all-one vector of length  is not needed.
· Alt 3: Keep both  OFF and Wf ON with .
· If PMI format is SB,   is an all-one vector of length  
· Informative note: this case is considered as “ ON with ” in the agreement in RAN1 104e. 
· If PMI format is WB,  is an all-one vector of length 1, i.e., a scalar 
· Informative note: this case is considered as “ OFF” in the agreement in RAN1 104e
· Note: . 
· FFS: the case when no SB size is configured. 

For future RAN1 meeting:
Study whether/how the bitmap for indicating non-zero coefficients for  can be absent for CSI reporting
· FFS: applicable conditions of being absent, e.g.,  and Beta =1 for rank 1 or higher ranks
· FFS: additional impact for reporting mechanism when/how the bitmap is absent
· Note: The principle of UE determining the real number of NZC (same as Rel-15 and Rel-16) is unchanged in Rel-17
based on trade-off among UPT performance, feedback overhead and complexity
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 whether  is layer-common or -specific is still to be discussed. If layer-specific, then  for . The amount of 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.

	
	
	Select  FD-vectors for layer . 

	
	
	Bitmap of non-zero coefficients  of layer , , .

	
	
	Strongest coefficient of layer .

	
	
	Per polarization gains  of layer  for .

	
	, 
	Amplitude coefficients  of layer  for , .

	
	 , 
	Phase coefficients  of layer  for , .




Design aspects of 
In agreement A5, companies are encouraged to decide, during RAN1#106-e meeting, on the following:
· For the reserved state for reference amplitude, down-select one Alt 
· Alt 1: it is kept to be reserved
· Alt 2: it is replaced as (1/2)^(15/4)
· Alt 3: it is replaced as (1/2)^(3/8)
Note: whether/how SCI is supported for R17 codebook will be discussed separately


Allowed polarization-specific reference amplitudes are given in Table 5.2.2.2.5-2 in [7] as follows: 
Table 2. Mapping of polarization-specific reference amplitudes.
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	



The table corresponds to the mapping 

Alt. 2 simply extends this mapping for , alt. 3 provides and intermediate step between  and , and alt. 1 recognizes that new amplitude values are not needed. It is not immediately clear that the addition of weak amplitude values, such as , which is 22.5 dB below the maximum, will improve performance noticeably. It is not clear either that an intermediate step of .75 dB will help improving performance.  In our view, before a new  value is allocated to the currently reserved  codepoint, the need for doing so shall be properly motivated and the expected benefits evaluated. 

Proposal 1. The need for Alt. 2 and Alt. 3 shall be properly motivated, and their benefits evaluated. Otherwise, select Alt. 1. 

Design aspects of 
From agreements A7-A9, an aspect that needs to be discussed during RAN#106-e 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 agreements A7-A9 limit the values that  and  can take. These restrictions may be summarized in Table 3:
[bookmark: _Ref79135224]Table 3. Restrictions applicable to  and  based on agreements A7-A9.
	
	
	

	
	TDB[footnoteRef:2] [2:  See discussion in §2.3.1 for potential restrictions on .] 

	TDB1

	
	 (A8),  (A9)
	 (A9)



Furthermore, companies are encouraged to decide on the following issue:Agreement (A9)
At least for rank 1 and 2 and , for relationship between  and , study and down-select one alternative from following in RAN1#106-e
· Alt 1:  always, no UE reporting of .
· Alt 2-1: ,   is layer-common and reported by UE for .
· Alt 2-2: ,  is layer-specific and reported by UE for .
Note:  is layer-common for 
Note: For all alternatives, a layer-common window/set of size N is configured.


The feedback overhead due to each of the above alternatives can be calculated as follows (see also Table 1):
· For Alt 1, the choice  impacts the number of bits required for the bitmap indicating the non-zero coefficients of . This requires  bits.
· For Alt 2-1, the indices of the  selected vectors need to be reported, additionally. Hence, we need  bits. Note that this expression reduces to the one in the bullet above whenever .
· For Alt 2-2, a selection of indices is reported for each layer. Hence, we need  bits.

Plots of the feedback overheads as a function of the number of selected ports,  can be found in Figure 1 (rank 1), and Figure 2 and Figure 3 (rank 2). The plots illustrate the  combinations , ,,, and.
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[bookmark: _Ref79095631]Figure 1. Feedback overhead for alt 1, alt 2-1 and alt 2-2 for the rank 1 case. Note that in this case, alt 2-1 and alt 2-2 are identical.
[image: ][bookmark: _Ref79095643]Figure 2. Feedback overhead for alt 1 and alt 2-1 for the rank 2 case.
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[bookmark: _Ref79095649]Figure 3. Feedback overhead for alt 1 and alt 2-2 for the rank 2 case.

Setting  always yields the largest feedback overhead, as the size of the bitmap indicating the non-zero coefficients of  grows with , even though the number of non-zero coefficients, , is bounded by . Note that, in general,  non-consecutive FD vectors may be selected for compression, which, under alt 1, would result in an oversized FD compression basis under, since the FD window must contain  consecutive vectors. On the other hand, the cost of selecting  out of  FD vectors, i.e.,  bits, is comparatively low and does not depend on . Note also that layer-common reporting of  (Alt 2-1) incurs less feedback overhead compared to layer-specific reporting (Alt 2-2). However, some flexibility is lost. More importantly, alt 2-1 runs the risk of overblowing the FD compression basis for  since, in this case, a single basis must account for the FD vectors required for all  layers, which leads to larger , which leads to larger bitmaps.
 
Observation 1. Alt. 1 yields larger feedback overhead compared to Alt 2-1 and Alt 2-2. Of the latter two, Alt 2-2 provides more flexibility and some protection against overblown FD bases (and bitmaps) for , at a modest cost. 

[bookmark: _Ref79142414]On the meaning of switching  ON and OFF
A topic hotly discussed during RAN1#105-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, and no consensus was reach during RAN1#105-e. To sort out this issue, companies are encouraged to down-select one from the following alternatives during RAN1#106-e:

Agreement (A11)
For Rel-17 port selection codebook, study following Alternatives and down-select in RAN1 106e:
· Alt 1:  OFF and  ON with  are same, and  is an all-one vector of length .  as an all-one vector of length 1 is not needed
· Alt 2:  OFF and  ON with  are same, and  is an all-one vector of length 1, i.e., a scalar.  as an all-one vector of length  is not needed.
· Alt 3: Keep both  OFF and Wf ON with .
· If PMI format is SB,   is an all-one vector of length  
· Informative note: this case is considered as “ ON with ” in the agreement in RAN1 104e. 
· If PMI format is WB,  is an all-one vector of length 1, i.e., a scalar 
· Informative note: this case is considered as “ OFF” in the agreement in RAN1 104e
· Note: . 
· FFS: the case when no SB size is configured. 
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[bookmark: _Ref79138395][bookmark: _Ref79138389]Figure 4. 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 the example, the FD window has length  and starts at .

To meaningfully interpret the three alternatives, the FD window start parameter , see Figure 4, turns out helpful:
· For Alt 1, we have “ OFF”  “ ON and .” Moreover,  is a  vector of ones, i.e., . Thus, . Note that  implies , since  is the first column of a DFT-matrix. Since, per agreement,   OFF implies  ON and , only, it follows that , always. Note also that if , then  is a column vector of length , and therefore  merely repeats   times. (But note that  are fed back only once.)
· For Alt 2, we have “ OFF”  “ ON and .” Moreover, , i.e., a scalar, from which it follows that . But this seems dimensionally inconsistent, as one could have  yet desire a wideband-like reporting of the PMI. Moreover, there seem to be no advantages of Alt 2 over Alt 1 in terms feedback overhead, as the same information bits would be fed back in both cases. Hence, we do not see a clear use case for Alt 2.
· For Alt 3, we have “ OFF” “ ON and .” Instead, “ OFF”  “PMI format is SB,” and “ ON”  “PMI format is WB.” Moreover, “ ON and .” Implies , i.e., as in Alt 1, and “ OFF” implies , i.e., as in Alt 2. Since, in our view, only Alt 1 makes sense, we do not think it is necessary to keep Alt 3.

Observation 2. Alt. 2 seems dimensionally inconsistent. Moreover, there seem to be no advantages of Alt 2 over Alt 1 in terms feedback overhead, as the same information bits would be fed back in both cases.
Proposal 2. Select Alt. 1:  OFF and  ON with  are same, and  is an all-one vector of length .  as an all-one vector of length 1 is not needed. The terminology  ON/OFF is not needed for Rel-17 PS CB and can be dropped.
In our view, a problem with Alt 1 in agreement A11 is that the FD window start parameter appear to be hardcoded to . While one may save some overhead, hardcoding  does not work 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. 

Observation 3. 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 required 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 4. 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.

On polarization-common versus polarization-specific SD/SD-FD bases selection
For rank-1 transmissions, polarization-common based free-selection has been adopted for See the following agreement [6]:

Agreement
For rank=1, polarization-common based free-selection should be supported for W1.
· FFS: Whether there is a need to restrict the number of CSI-RS ports for which this is supported

However, the issue of base free-selection, either polarization-common or polarization-specific, is still open for rank-1 and higher transmissions. With polarization-common base selection the gNB applies a first polarization on a first CSI-RS port, and a second, orthogonal polarization on a second CSI-RS port. These two ports share the same transmit spatial filter and, together, form a CSI-RS beam. UEs are aware of the mapping between CSI-RS beams and CSI-RS ports and report feedback of both polarizations for each selected CSI-RS beam. Polarization-common base selection has several advantages:
· First, UEs endowed with dual-polarized receivers can exploit the radio channel fully to obtain diversity gains (i.e., for rank-1 transmissions), or multiplexing gains (i.e., for rank-2 transmissions) while using a single, dual-polarized receive filter, i.e., receive beam. Notice that if the mapping between CSI-RS beams and CSI-RS ports were not known, UEs might need to use two different receive beams to obtain said gains, which likely would lead to a larger power dissipation.
· Second, the reporting overhead can be reduced. When observed over a wideband channel, both polarizations tend to have equal average powers, even though at any given sub-carrier one of them may fade. It is therefore likely that if one of the polarizations of a CSI-RS beam is observed then the other one will also be observed. The mechanisms for selecting and reporting SD/SD-FD bases that currently exist in Rel-15/16 [7] provide a convenient means of compactly reporting polarization-common bases.

Observation 5. When observed over a wideband channel, both polarization components of a CSI-RS beam are likely to be either strong or weak. Current Rel-15/16 mechanisms allow for compact polarization-common reporting.

Since polarization-common based selection is already part of Rel-15/16 [7], and has also been adopted for rank-1 Rel-17 PS CB [6], selecting polarization-common base selection and reporting for rank-2 and higher Rel-17 PS CB transmissions has a minimum impact on the specification. Based on the above discussion, we naturally make the following proposal.

Proposal 4. For minimum specification impact, adopt polarization-common base selection and reporting mechanism of Rel-15/16 and rank-1 Rel-17 for rank-2 and higher Rel-17 PS CB transmissions. A polarization-specific mechanism should only be introduced if it can be shown that, at least for some scenarios of interest, it provides substantial advantage over polarization-common. 

Further restrictions of SD bases selection
From [1][6], 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 5. 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 5 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 6. 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:

Observation 1. Alt. 1 yields larger feedback overhead compared to Alt 2-1 and Alt 2-2. Of the latter two, Alt 2-2 provides more flexibility and some protection against overblown FD bases (and bitmaps) for , at a modest cost. 
Observation 2. Alt. 2 seems dimensionally inconsistent. Moreover, there seem to be no advantages of Alt 2 over Alt 1 in terms feedback overhead, as the same information bits would be fed back in both cases.
Observation 3. Propagation delays are UE dependent, i.e., different UEs require different pre-shift compensations of CSI-RS pilots in the delay domain.
Observation 4. 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.
Observation 5. When observed over a wideband channel, both polarization components of a CSI-RS beam are likely to be either strong or weak. Current Rel-15/16 mechanisms allow for compact polarization-common reporting.
Observation 6. 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.

Proposal 1. The need for Alt. 2 and Alt. 3 shall be properly motivated, and their benefits evaluated. Otherwise, select Alt. 1.
Proposal 2. Select Alt. 1:  OFF and  ON with  are same, and  is an all-one vector of length .  as an all-one vector of length 1 is not needed. The terminology  ON/OFF is not needed for Rel-17 PS CB and can be dropped.
Proposal 3. Free selection of  by the UEs, e.g., , or  for some , should be supported.
Proposal 4. For minimum specification impact, adopt polarization-common base selection and reporting mechanism of Rel-15/16 and rank-1 Rel-17 for rank-2 and higher Rel-17 PS CB transmissions. A polarization-specific mechanism should only be introduced if it can be shown that, at least for some scenarios of interest, it provides substantial advantage over polarization-common.
 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.
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