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1. Introduction
In RAN1#96 meeting, Type II CSI feedback overhead reduction schemes were discussed along with Type II CSI feeback extension to RI=3, 4. Based on the discussions, following agreements were made for Type II CSI enhancements for MU-MIMO support [1].

Agreement
On the value of M (the number of FD compression units), agree on .

Agreement 
Extend the Type II DFT-based compression (designed for RI=1-2) to RI=3-4 with the following design principle:
· The resulting overhead for RI=3-4 is at least comparable to that for RI=2 

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 LCC quantization, agree on Alt2 (differential per polarization) per the description in R1-1902304

Agreement
For RI=2, the following is supported 
· Layer-independent FD basis subset selection 
· Layer-independent coefficient subset selection

Agreement
On the values of N3, further discuss and clarify/refine both of the available alternatives with  as the evaluation baseline 

Agreement
For RI {3,4}, different layers are independently quantized just as RI=1 and 2

Agreement
On SD and FD basis selection for RI{3,4}
· The parameter R is layer-common and RI-common
· For the higher-layer setting of SD/FD basis parameters (L, p):
· Down select among the following alternatives for the higher-layer setting of SD/FD basis parameters (L, p):
· Alt1 RI-common for RI{1,2,3,4}, layer-common 
· Alt2 RI-common for RI{1,2,3,4}, layer-/layer-group-specific
· Alt3 RI-common for RI{3,4}, layer-common 


· Alt4 RI-common for RI{3,4}, layer-/layer-group-specific
· Alt5 RI-specific for RI{3,4}, layer-common
· Alt6 RI-specific for RI{3,4}, layer-/layer-group-specific
· Note: For RI=1 and 2, RI-common, layer-common setting has been agreed
· Note: No other alternatives will be considered
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Agreement
On the max # NZ coefficients for RI{3,4}, down select from the following alternatives (no other alternatives will be considered)
· Alt0. For RI{1,2,3,4}, there is only one β value 
· Alt1. Total max # NZ coefficients across all layers ≤ 2K0 (the K0 value set for RI{1,2})
· Alt2. For RI{3,4}, there is only one value of max # NZ coefficients per layer < K0 where the K0 value is set for RI{1,2}
· Alt3. Total max # NZ coefficients across all layers ≤ 2K0 (the K0 value set for RI{1,2}) where  is fixed and RI-specific
· FFS: value of  per agreement that the overhead for RI=3 or 4 should at least be comparable to RI=2 
· Alt4. For RI{3,4}, there is only one value of max # NZ coefficients per layer < K0 where the K0 value is set for RI{1,2} where  is fixed and RI-specific
· FFS: value of  per agreement that the overhead for RI=3 or 4 should at least be comparable to RI=2
· Note: For RI{1,2}, there is only one K0 value (=max # NZ coefficients per layer)

Agreement
Decide in RAN1#96bis whether to support L=6 (in addition to L=2 and 4) taking into account RI{3,4} and/or 32 ports
· Also consider possible restriction(s) on the use case for supporting the additional value(s) of L 

2. Type II CSI feedback overhead reduction
As discussed in our previous contribution [2], the major overhead of Type II CSI feedback comes from sub-band reporting for phase and amplitude. For instance, for the case of rank=1 and L=2, as per [3], out of 142 total payload bits (assuming 10 sub-bands) in the feedback, 30 bits are allocated for sub-band amplitude reporting while 90 bits are used for sub-band phase reporting. In terms of percentage, for sub-band amplitude reporting, approximately 21% of overhead is assigned whereas this ratio goes up to 85% when both amplitude and phase reporting for sub-bands are considered. Hence DFT-based compression is essential to compress sub-band related information to reduce the feedback overhead associated with Rel.15 Type II CSI.
To understand how to introduce DFT-based compression techniques for CSI feedback overhead reduction, let us first look at the Type II CSI precoding vector generation (for a specific layer). Following [4], this can be given as,                                                                                                                                       
 (1)

Here,  captures precoding vectors for  frequency units (compression units) (as agreed in [5],  depends on ). Note that  denotes the number of available ports.  consists of  wideband spatial 2D-DFT beams. The matrix capturing the sub-band combination coefficients is represented in (1) by  
Now, with DFT-based compression, considering the channel impulse responses of spatial beams,  can be approximated using set of DFT basis vectors as follows
   
where is  the d-th DFT basis vector of u-th spatial beam and  captures complex combination coefficient corresponding to d-th DFT basis vector of u-th spatial beam. Number of DFT basis vectors associated with the u-th spatial beam is captured by . Note that, this is the general representation of  after DFT-based compression. As agreed in RAN1-AH-1901 [5], common set of DFT basis vectors for all 2L spatial beams needs to be selected and accordingly, (2) can be rewritten as,

Here () captures linear combination (LC) coefficients and as agreed in RAN1-AH-1901 [5], only size-K0 subset of 2LM coefficients in are reported. Note here that, reporting LC coefficients are informed to NW using a bit map.  () consists of selected M DFT vectors of frequency domain (FD) basis subset.
2.1 Determination of the value of N3 
In this section, we discuss how to determine number of FD compression units, N3. In RAN1-AH-1901, following was agreed [5]:
[bookmark: _Hlk536009008]Values of : For   and NSB is # CQI subbands, when , 
Values of : For  and NSB is # CQI subbands, when , downselect among the following alternatives in RAN1#96

· Alt1:  is smallest multiple of 2, 3, or 5 which is  
· Alt2:  is a multiple of 2, 3, or 5. Segment into 2 parts with overlapping between 2 parts. Note: no padding is needed to align the DFT size with the multiple of 2, 3, or 5
Based on the discussions in RAN1#96, it was agreed to further investigate the value of  taking in to consideration as the evaluation baseline [1].
It is understood that setting  the smallest value of  (where ), greater than  is important for efficient implementation and computation purposes. Further, when it comes to communication over mmWave bands with larger bandwidths, selecting number of FD compression units,  this way will definitely be useful in hassle free implementations. In fact, in order to have a unified solution, we think setting  as the smallest value of  (where ), greater than  should be supported irrespective of whether the . 
Proposal 1
· Support number of FD compression units,  to satisfy smallest where  that is greater than  
There are two alternatives proposed to make  the smallest value of  which is greater than  when . In Alt1 extrapolation to the configured PMI sub bands (SBs) are proposed such that  will satisfy the smallest value of  which is greater than . The FD compression is performed to SBs after this extrapolation. The extrapolation can be achieved with zero-padding.
On the other hand, in Alt2, the configured PMI SBs are divided into two segments where each segment consists of a number of PMI SBs equal to the smallest  that is greater than or equal to , where . There is a possibility that these two segments have an overlapping part. In any case, the FD compression is applied to these two segments separately and two PMI reports, one for each segment, are fed back.
As can be understood, compared to Alt2, Alt1 is less complex and has minimum impact to the specifications. For an instance, as mentioned previously, there will be two PMI reports for two segments with Alt2. Hence, how to determine the size of FD basis subset, number of combination coefficients to report for each of these segments etc. need to be carefully addressed in the specification. Further, feedback overhead associated with Alt2 can be higher compared to Alt1 since there can be some overlapping portion for these two segments. 
Observation 1
· Segmenting PMI SBs in to two parts may bring additional complexity and higher specification impact compared to extrapolation of PMI SBs to achieve  the smallest value of  (where  that is greater than 
Proposal 2
· Consider extrapolation of PMI SBs to achieve  the smallest value of  (where )  that is greater than  
3. Extension of Type II CSI Feedback to Rank >2  
In addition to specifying overhead reduction to Type II CSI, extension of Type II CSI to rank > 2 is also identified as an objective for Rel. 16 MU-MIMO enhancements. In RAN1#96, discussions on how to extend proposed Type II CSI along with proposed overhead reduction approache to RI = 3, 4 were initiated. Subsequently, we present our view on certain aspects to be discussed in the upcoming RAN1#96bis regarding Type II CSI extension to RI = 3, 4
3.1 Determination of the SD/FD basis parameters (L, p)
Regarding the determination of spatial domain (SD)/FD basis parameters (L, p) for RI{3,4}, following alternatives were agreed in [1]:
On SD and FD basis selection for RI{3,4}
· The parameter R is layer-common and RI-common
· For the higher-layer setting of SD/FD basis parameters (L, p):
· Down select among the following alternatives for the higher-layer setting of SD/FD basis parameters (L, p):
· Alt1 RI-common for RI{1,2,3,4}, layer-common 
· Alt2 RI-common for RI{1,2,3,4}, layer-/layer-group-specific
· Alt3 RI-common for RI{3,4}, layer-common 
· Alt4 RI-common for RI{3,4}, layer-/layer-group-specific
· Alt5 RI-specific for RI{3,4}, layer-common
· Alt6 RI-specific for RI{3,4}, layer-/layer-group-specific
· Note: For RI=1 and 2, RI-common, layer-common setting has been agreed
· Note: No other alternatives will be considered

During the E-mail discussion after RAN1#96 meeting, set of alternatives (including their variations) from above list were downselected and following agreements were made [5]: 
On the L/p parameter setting for RI=3-4, consider/compare only the alternatives given in sections 2.1 to 2.6 in [6] (Alt1; 2A, 2B; 3A, 3B, 3C; 4A, 4B, 4C, 4D, 4E, 4F; 5A, 5B, 5C; 6A, 6B, 6C, 6D, 6E, 6F, 6G, 6H) 
· No other alternative will be considered
 On selecting the scheme for the L/p parameter setting for RI=3-4, the following aspects need to be considered, and decided together or after the scheme selection:
· SD and/or FD basis subset selection for RI=3 and 4: layer-common vs. layer/layer-group-specific
· Fixed/pre-defined vs. configurable setting, whenever applicable 
· Restriction on parameter setting and/or value range for L and/or p to control overhead
During the E-mail discussion [6], we pointed out that it is better to allow both L and p to vary across layers/layer-groups at least initially. The idea here is that if we put some restrictions initially, we may not be able to have a better idea about how well the Type II CSI and proposed FD compression scheme perform when rank>2.  

For an instance, directional channel propagation characteristics of different layers can be different. In particular, when layer number is high, i.e. 3, 4, usually there will be more delay taps involved in the directional channels. This necessitates to have larger size FD basis subset compared to that of smaller layer number, i.e., 1, 2. However, as of now, it is still not clear how much performance gain we can expect if we allow larger FD basis subset when layer number is high. That is why we need to allow both L and p to vary across layers/layer-groups in order to understand these behaviors.
Proposal 3
· Consider allowing both L and p to vary across layers/layer-groups at least initially to better understand achievable performance with Type II CSI along with the proposed FD compression scheme when extended to RI=3, 4 
3.2 SD/FD basis subset selection for RI =3, 4
As per the agreement from E-mail discussion [6], SD/FD basis subsets can be layer-common or layer/layer-group specific. In fact, if L and p are layer-common (Alt1 in [6]), there are four different options to select SD/FD basis subsets for layers in a given , as follows:

· Layer-common SD basis subset and layer-common FD basis subset
· Layer-common SD basis subset and layer/layer-group independent FD basis subset
· Layer/layer-group independent SD basis subset and layer-common FD basis subset
· Layer/layer-group independent SD basis subset and layer/layer-group independent FD basis subset
If the basis subsets are layer-common, the associated feedback overhead will obviously be smaller compared to layer/layer-group independent basis subset selection. On the other hand, layer-common basis subsets will result in poor performance compared to layer/layer-group specific basis subsets. This issue has also been captured in [5].  
If L and p are layer/layer-group-specific, there are different options for SD/FD basis subset selection for layers in a given . It is worth remarking here that, layer is a special case of layer-group with group size equals to 1. With that in mind, let us consider available options for SD/FD basis selection among others when L and p are layer/layer-group-specific.
· Layer/layer-group independent SD/FD basis subset selection. Note here that, since L and p are layer/layer-group-specific, unlike in the case with layer-common L and p, the subset cardinalities will be different for different Layers/layer-groups.
Ex: Let  and  are two different layer-groups in a given . Assume that,  and  are the higher layer configured SD basis subset sizes for  and , respectively. Further, assume 2D-DFT SD basis subset of  is  and that of  is . Then, with layer/layer-group independent SD basis subset selection,  given .    
· Layer/layer-group common SD/FD basis subset selection. Since L and p are layer/layer-group-specific, one approach to have a common SD/FD basis subset between layers/layer-groups is by identifying a subset from the basis set available and assigning basis vectors for different layers/layer-group from that subset. Next, let us look at an example to understand this further.
  


[image: ]













Fig.1: An example of SD basis subset representation when layer-group common SD basis selection is considered with layer/layer-group-specific L and p




Fig. 1 captures an example of SD basis subset representation when layer-group common SD basis selection is considered with layer/layer-group-specific L and p. In that, layer-group  is higher layer configured with  SD basis subset size where . The corresponding SD basis subset of  can then be given as, . Now, as can be seen from Fig. 1, SD basis subsets of all the other layer-groups  (assuming there are  layer groups) are included within . It is important to note here that, feedback overhead can be reduced with this basis subset selection approach since only a subset of available set is considered.  

As SD and FD basis subsets are selected independently, different combinations of above options can be considered with L and p are layer/layer-group-specific. For instance, SD basis can be layer/layer-group independent while FD basis is layer/layer-group common. 
Observation 2
· There are different options to select SD/FD basis subsets based on how L and p are configured (layer-common or layer/layer-group-specific). It is necessary to consider these different basis subset selection options initially to understand a better solution which can provide a balance between performance and overhead
Proposal 4
· Consider discussed options for SD/FD basis subset selection for RI=3, 4 based on how L and p are configured (layer-common or layer/layer-group-specific) to identify an appropriate basis subset selection approach which can provide a balance between overhead and performance
4. Summary
In this contribution, we discuss the potential solutions to be considered when determining number of FD compression units  and how to determine SD/FD basis parameters (L, p) when Type II CSI feedback is extended to RI =3, 4. Further, we discuss in detail, different options that can be considered to identify SD/FD basis subset when Type II CSI feedback is extended to RI =3, 4 with proposed overhead reduction approach. 
Proposal 1
· Support number of FD compression units,  to satisfy smallest where  that is greater than  



Observation 1
· Segmenting PMI SBs in to two parts may bring additional complexity and higher specification impact compared to extrapolation of PMI SBs to achieve  the smallest value of  where   that is greater than 
Proposal 2
· Consider extrapolation of PMI SBs to achieve  the smallest value of  where   that is greater than  
Proposal 3
· Consider allowing both L and p to vary across layers/layer-groups at least initially to better understand achievable performance with Type II CSI along with the proposed FD compression scheme when extended to RI=3, 4
Observation 2
· There are different options to select SD/FD basis subsets based on how L and p are configured (layer-common or layer/layer-group-specific). It is necessary to consider these different basis subset selection options initially to understand a better solution which can provide a balance between performance and overhead
Proposal 4
· Consider discussed options for SD/FD basis subset selection for RI=3, 4 based on how L and p are configured (layer-common or layer/layer-group-specific) to identify an appropriate basis subset selection approach which can provide a balance between overhead and performance
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