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Introduction
The UCI parameters in CSI Part 1 and CSI Part 2 needs to be decided. And some agreements have already been achieved:
Agreement
On basis/coefficient subset selection for the first layer, support the following: 
· Size-K0 subset design: down select in RAN1#96 from the following alternatives 
· Alt1. Unrestricted subset (size=2LM)
· Alt2. Polarization-common subset (size=LM)
· Alt3. Restricted subset (for a given subset of beams and FD basis, size=2L+M)
· 
The value of K0:   where two values of β are supported  
· 
Down select in RAN1#96 from  
· The UCI consists of two parts: 
· Information pertaining to the number(s) of non-zero coefficients is reported in UCI part 1
· Note: This does not imply whether this information consists of single or multiple values 
· The payload of UCI part 1 remains the same for different RI value(s)
· Bitmap is used to indicate non-zero coefficient indices

Agreement
On subset selection for layer 0, agree on the following:
· Unrestricted (polarization-independent) subset selection which requires a size-2LM bitmap in UCI part 2
· 
 
· FFS: Further down selection of supported combinations of FD compression parameters  
Agreement
On subset selection for RI=2, agree on the following
· SD basis selection (selection of L out of N1N2 SD DFT vectors) is layer-common
· Terms:
· “FD basis subset selection” refers to the selection of M out of N3 FD DFT vectors
· “Coefficient subset selection” refers to the selection of KNZ (# non-zero coefficients) out of 2LM where KNZ ≤ K0
· The size-K0 subset design for layer 0 is also applied to layer 1
· K0 is the maximum number of non-zero coefficients for each layer.

Additionally, an offline email discussion regarding UCI parameters took place prior to RAN1#96bis, which summarized the agreed and proposed UCI parameters as follows:
[bookmark: _Ref4589876]Table 1 List of agreed UCI parameters
	Parameter
	Location 
	Details/description

	# NZ coefficients
	UCI part 1
	FFS: Exact design (joint or separate across layer)

	Wideband CQI
	UCI part 1
	Same as R15

	Subband CQI
	UCI part 1
	Same as R15

	Bitmap per layer
	UCI part 2
	RI=1-2: for layer l, size-
FFS: exact design for RI=3-4 (depending on subset selection)

	Strongest coefficient indicator (SCI)
	UCI part 2
	FFS: Exact design for all layers (bitwidth, etc.)

	SD basis subset selection indicator 
	UCI part 2
	FFS: Exact design depending on decision for SD/FD basis parameter setup for RI=3-4

	FD basis subset selection indicator
	UCI part 2
	FFS: 
· Exact design depending on decision for SD/FD basis parameter setup for RI=3-4, 
· Impact of the bitwidth if subset restriction is supported.

	LC coefficients: phase
	UCI part 2
	Quantized independently across layers

	LC coefficients: amplitude
	UCI part 2
	Quantized independently across layers (including reference amplitude for weaker polarization, for each layer)



[bookmark: _Ref4589936]Table 2 List of UCI parameters for further discussion
	Parameter
	Location 
	Details/description

	RI
	UCI part 1
	The need depends on the exact design of # NZ coefficients (NZC) indicator

	M’
	UCI part 1
	Whether to report M’ ≤ M, e.g. # bits, values

	
	UCI part 1
	Whether to report  ,  # bits, values

	,  
	UCI part 1
	Whether to report , , # bits, values

	Size of the bitmap(s) in UCI Part2: Nb
	UCI part 1
	Whether to report Nb, #bits, values

	Indication of zero Pol-reference amplitude values 
	UCI part 1
	Specific design pending

	Oversampling (rotation) factor 
	UCI part 2
	e.g. values of qi, i=1,2,3 (3 values)



In this contribution, we present our view on the FFS points of the agreed UCI parameters along with and opinion on the additionally proposed UCI parameters.

Number of non-zero coefficients and RI
Depending on the outcome of higher rank basis parametrization discussion, the parameter setting for the SD and FD bases, i.e. the number of selected SD/FD basis vectors and  may in the general case be both rank-specific and layer-specific as indicated by the sub-indices  which denote the rank and layer index respectively.
For each layer , there are thus  possible LC coefficients in the transformed domain and it can be assumed that a number  are non-zero coefficients which are reported. 
According to the agreement,  for  should be conveyed in UCI Part 1, however there are different approaches as to how this can be achieved.
Approach 1: Per layer number of non-zero coefficient indication
In this approach, the number of non-zero coefficients (NNZC) for each layer  is indicated with a layer-wise separate indicator in UCI Part 1. Since the rank selection of the UE is not known to the gNB prior to decoding CSI Part 1, the UCI Part 1 payload needs to be rank-independent. In the general case (pending the higher rank codebook agreements),  and the maximum NNZC for a layer may be rank-dependent.
In this case, the indication of the NNZCs may have the bitwidth , i.e. it is set according to the maximum configured  value across the rank hypotheses. This enables the CSI Part 1 payload to be constant irrespective of UEs rank selection. The indicator of the NNZC is reported for each layer  where is the maximum rank a UE can report. For , the payload is thus . The maximum rank would depend on which codebook is used (i.e. rank 3,4 codebooks ON or OFF) and the RI restriction.
Here, it is assumed that at least one coefficient is non-zero for each layer and hence only the value range  needs to be signalled, otherwise the payload would be .
[bookmark: _Toc4774084]The encoding of NNZC indicators must be rank-independent as UCI Part 1 payload is fixed
If is included in the value range, a separate RI indication would not be needed an instead the RI could be determined implicitly be observing which  values are set to zero. However, in our view it is clearer to include the RI as an independent parameter. 
The RI could either be independently encoded or jointly encoded with the NNZCIs. A toy example of joint encoding is given in Table 3 below.
Table 3: Example of joint encoding of RI and NNZCI per layer
	Joint Index
	RI
	
	

	0
	1
	1
	N/A

	1
	1
	2
	N/A

	2
	1
	3
	N/A

	3
	2
	1
	1

	4
	2
	1
	2

	5
	2
	1
	3

	6
	2
	2
	1

	7
	2
	2
	2

	8
	2
	2
	3

	9
	2
	3
	1

	10
	2
	3
	2

	11
	2
	3
	3

	12
	Reserved

	13
	

	14
	

	15
	



[bookmark: _Toc4774085]For per-layer NNZCI approach, the RI and NNZCIs can be jointly or independently encoded
Approach 2: Total number of non-zero coefficients indication
Since the purpose of including the number of NNZC indicator(s) in UCI Part 1 is only to determine the payload of UCI Part 2, the total number of non-zero coefficients across all layers could be indicated instead of having layer-wise indication. That is, a single UCI parameter indicating the sum of the NNZC across layers is indicated in UCI Part 1. 
That is  is indicated, where R is the selected rank by the UE. Since per-layer NZC bitmaps are included in UCI Part 2, the gNB can infer the distribution of the NZCs among the layers and there is no ambiguity. The required bitwidth for  indication is thus  , where again we take the maximum across the allowed ranks in order to have the UCI Part 1 payload rank-independent. This may reduce overhead compared to having per-layer NNZC indication, however it requires that the RI is explicitly included as a parameter in UCI Part 1 in order to determine the rank selection. 
As an example, for  and rank-4, Approach 1 will yield an overhead of  bits while Approach 2 yields an overhead of  bits. Clearly, Approach 2 seems to have an advantage!
[bookmark: _Toc4774086]Joint number of non-zero coefficient indication across layers can reduce overhead compared to layer-wise non-zero coefficient indication
[bookmark: _Toc4771617]Support joint number of non-zero coefficient indication across layers and separate RI encoding in UCI Part 1
In fact, if layer-common NNZC indication is used, the UE may be configured with  but can freely distribute the budgeted  coefficients between the layers in order to optimize the precoding performance. For instance, the UE may determine that some layers have more non-zero coefficients than others and therefore choose the allocate more feedback bits to those layers. Since the gNB can determine the distribution of the non-zero coefficients by looking at the bitmap, there is no ambiguity.
Bitmap per layer
The bitmap design should be rather straightforward, i.e. for layer l, the bitmap size is .
Strongest coefficient indicator
The design of the UCI parameter(s) for the SCI seems rather straightforward as well, i.e. based on the indicated  non-zero coefficients in the bitmap for a certain layer, one has to be indicated as the strongest coefficient. This can be done using  bits, if  is known prior to UCI Part 2 decoding. Depending on the design,  is either explicitly indicated in UCI Part 1, where a bitwidth of  for the SCI per layer in UCI Part 2 can be directly applied. Or, a total number of non-zero coefficients across all layers is indicated in UCI Part 1, whereby each individual  per layer is unknown. In that case, the bitwidth of the SCI per layer needs to be fixed to . However, since the difference between   and  likely is small, the bitwidth may in most cases be the same regardless.
The SCI thus indicates one out of  coefficients as the strongest. This of course assumes some ordering of the 2LM coefficients in the bitmap, for instance assuming a row-first ordering or column-first ordering, but this should be straightforward.
[bookmark: _Toc4771618]The SCI per layer is indicated using  or  bits, depending on the outcome of other UCI design aspects

SD/FD subset indication
It seems rather straightforward to indicate the SD and FD subset selection in UCI with combinatorial numbering using  bits (and additionally 2+2 bits for rotation factors) and  bits, respectively. However, depending on the outcome of the discussion for ranks 3-4, some variations may have to be made. Thus, we need to wait agreements on this issue before settling the UCI parameter details. This also includes whether or not to use intermediary basis subset as is discussed in the next section.
[bookmark: _Toc4774087]UCI design for SD/FD basis subset indication can be done after rank 3-4 SD/FD basis design is settled
However, regarding “Impact of the bitwidth if subset restriction is supported” for FD-basis. Current CBSR in LTE and NR does not impact the PMI payload. In fact, that is a defining characteristic of CBSR. If PMI payload is adapted based on FD-basis restriction, it is not CBSR but rather a part of the codebook parameterization. This is discussed further in [1].
[bookmark: _Toc4771619]FD-basis CBSR, if supported, does not impact UCI design or bitwidth of UCI parameters
Dynamic codebook parametrization selection
A couple of proposals for additional UCI parameters relate to change the codebook parametrization dynamically and indicate this in UCI:
	M’
	UCI part 1
	Whether to report M’ ≤ M, e.g. # bits, values

	
	UCI part 1
	Whether to report  ,  # bits, values

	,  
	UCI part 1
	Whether to report , , # bits, values

	Size of the bitmap(s) in UCI Part2: Nb
	UCI part 1
	Whether to report Nb, #bits, values



Regarding , ,, the motivation seems to be to select a layer-common intermediary basis subset wherefrom a layer-specific basis can be selected. The motivation for including a report of , , in UCI Part 1 would be to allow the UE to dynamically select the size of the intermediary basis subset so as to optimize the SD/FD basis indication overhead dynamically in UCI Part 2. However, the overhead for basis indication is comparably not very large, and it is not clear how much overhead can be conserved with such as scheme. Therefore, this does not warrant dynamic intermediary subset basis size indication in UCI Part 1 (which due to the lower code rate of UCI Part 1 likely does not even bring any overhead reduction in total).  
However, a layer-common intermediary basis subset approach can still be considered in UCI design. But in that case, it should be a fixed (predefined or configured) intermediary subset basis size, so that no UCI Part 1 indication is needed. I.e. the intermediary subset can be part of the FD/SD basis indication in UCI Part 2.
[bookmark: _Toc4771620]Do not support intermediary FD/SD basis subset size indication in UCI Part 1. If intermediary FD/SD basis subset selection is supported, fixed intermediary FD/SD basis subset size is used.
The second proposed parameter relates to the UE dynamically selecting the size of the FD-basis and reporting this in UCI Part 1. This means that the UE can determine that only a number M’ FD-basis vectors is needed in order to describe the channel, which is smaller than the number of configured FD-basis vectors M. We note that this functionality is somewhat overlapping with the indication of the number of non-zero coefficients. I.e. if only M’ basis vectors are used, the UE can indicate this in UCI Part 2 by setting one or more columns to zero in the bitmap. The corresponding coefficients are then not reported which reduces the overhead with bits. If additionally, M’ is reported in UCI Part 1, the bitmap in UCI Part 2 can be reduced in size, but this only saves  additional bits. I.e. 85% of the overhead reduction is already achieved. It does therefore not seem warranted to have dynamic reporting of M’. If the UE is consistently reporting many zero coefficients for some FD-basis vectors, the gNB can reconfigured the CSI Report Setting to smaller M value or choose to trigger another pre-configured CSI Report Setting with smaller M value.
[bookmark: _Toc4774088]Dynamic reporting of M’<M is overlapping functionality with the reporting of number of non-zero coefficients
[bookmark: _Toc4771621]Do not support reporting of M’<M in UCI Part 1
Another proposal is to explicitly report the size of the bitmaps in UCI Part 1. This is very related to the previously discussed proposal but generalizes the concept. However, this proposal is incomplete since while the gNB can decode the UCI Part 2 if it knows the size of the bitmaps from decoding UCI Part 1, it does not know how to interpret the bitmaps. I.e. it does not know in which dimension the bitmaps were reduced or which bitmap for which layer was re-dimensioned.  Thus, this information needs to be included in UCI Part 2 as well, which implies that for each layer, combinatorial signalling of additional FD and SD intermediary basis subset selection must be introduced. This requires many new UCI Parameters and likely the resulting overhead would be increased rather than reduced.
[bookmark: _Toc4771622]Do not support reporting the size of the UCI Part 2 bitmaps in UCI Part 1
Indication of zero Pol-reference amplitude values
This proposal is unclear to us.
Oversampling factors of FD-basis
As discussed and concluded in our companion contribution on the topic [2], it is fundamentally so that oversampling of the FD-basis does not impact the performance, which can be showed quite simply mathematically. Therefore, the rotation/oversampling factors should not be included in the codebook design and hence also not reported in UCI.
[bookmark: _Toc4771623]Do not support reporting oversampling/rotation factors for FD-basis in UCI
Conclusion 
Based on the discussion in this contribution we make the following observations:
Observation 1	The encoding of NNZC indicators must be rank-independent as UCI Part 1 payload is fixed
Observation 2	For per-layer NNZCI approach, the RI and NNZCIs can be jointly or independently encoded
Observation 3	Joint number of non-zero coefficient indication across layers can reduce overhead compared to layer-wise non-zero coefficient indication
Observation 4	UCI design for SD/FD basis subset indication can be done after rank 3-4 SD/FD basis design is settled
Observation 5	Dynamic reporting of M’<M is overlapping functionality with the reporting of number of non-zero coefficients

Based on these observations, we propose the following:
[bookmark: _Hlk4774103]Proposal 1	Support joint number of non-zero coefficient indication across layers and separate RI encoding in UCI Part 1
Proposal 2	The SCI per layer is indicated using using  or bits, depending on the outcome of other UCI design aspects
Proposal 3	FD-basis CBSR, if supported, does not impact UCI design or bitwidth of UCI parameters
Proposal 4	Do not support intermediary FD/SD basis subset size indication in UCI Part 1. If intermediary FD/SD basis subset selection is supported, fixed intermediary FD/SD basis subset size is used.
Proposal 5	Do not support reporting of M’<M in UCI Part 1
Proposal 6	Do not support reporting the size of the UCI Part 2 bitmaps in UCI Part 1
Proposal 7	Do not support reporting oversampling/rotation factors for FD-basis in UCI
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