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1. Introduction
At the previous meetings [1-2], the following was agreed:
Agreements:
· FFS to support a common design of W2 for Cat. 1, Cat. 2 and Cat. 3 
· FFS for Cat. 3, W2 only feedback is allowed
· FFS amplitude feedback for W2 (e.g., wideband, subband, etc.)
· Note: this does not mean NR supports all three categories
· FFS whether or not to merge Category 1 and Category 3 using a unified codebook formulation
Agreements:
· Slides 4 to 24 in R1-1709232 are agreed
· For slide 20, FFS whether or not support frequency-dependent parameterization and if so, the details
· FFS whether or not to further enhance analog beamforming related operations especially for >1 layers

In Type-II CSI reporting, it is assumed that dual-stage precoding is performed per sub-band, i.e., a single precoder is calculated for a group of adjacent PRBs, referred to as ‘subband.’ The dual-stage precoder comprises two components: the first-stage precoder  that is identical for all subbands contains the selected entries/beams from a DFT-based codebook, and the second stage precoder  contains the subband-dependent beam-combining coefficients. The feedback overhead of the Type-II scheme increases approximately linearly with the number of subbands and becomes considerably large for large numbers of subbands. The contributions [3], [4] have studied feedback reduction schemes by applying a frequency-domain transformation of the second stage precoder. 

The problem of increased feedback overhead has been addressed in [5] by considering the design of the precoder in the delay-domain. It has been shown that, in addition to the feedback overhead reduction, precoding directly in the delay-domain results in enhanced system performance compared to the sub-band-based precoding. 

In this contribution, we present a general framework for feedback compression for Type-II CSI reporting which captures the contributions presented in [3], [4] and [5]. 

2. Compression of second stage precoder 
In this section, we present a general framework for feedback compression using beam independent and beam dependent transformations. 
Assuming rank-1 transmission and a dual-polarized antenna array with configuration (,,), the conventional double-stage precoder per subband is given by
	
	
	(1)


where  is a wideband matrix identical for all subbands that contains  spatial beams and  is a subband vector that contains  complex frequency-domain combining-coefficients associated with  spatial beams. 
Collecting the precoders for all subbands  in a matrix , we obtain
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where matrix  can also be written as , whose -th row contains the complex combining-coefficients associated with the -th beam over all subbands, 
.
Beam-dependent transformation
For the compression of the coefficients in , we introduce a beam-dependent transformation matrix , such that
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where matrix  is of size , and vector  contains  transform-domain complex combining-coefficients associated with the -th beam. Using (3), the precoder in (2) can be expressed as 
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where 
 is a block-diagonal matrix containing the transform-domain complex combining-coefficients associated with the  spatial beams, and  is the overall beam-dependent transformation matrix. 

Beam-independent transformation 
When an identical transformation matrix is considered for all beams, the following holds
,
where  is the beam-independent transformation matrixThen, the precoder (2) is given by 
	
	,
	(5)


where   and  .

DFT -based transformation matrix
The two contributions [3] and [4] consider the compression of  and apply DFT-based matrices for the generation of the transformation matrix  resulting in delay-domain complex-combining coefficients  per beam. In [3], the transformation matrix is beam-dependent, and the associated delays with each beam may differ for different beams. In contrast to [3], the transformation matrix in [4] is beam-independent, and the associated delays are identical for all beams. 

The approach in [5] uses space-delay precoding to calculate the precoder matrix . The space-delay precoder can be expressed as
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where  contains the complex delay-domain combining-coefficients, and  is a non-uniform DFT (NU-DFT) matrix of size . Introducing a double-stage precoder structure to , similar to (2), we can express the delay-domain matrix  as 
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Considering (6) and (7), we find that the space-delay precoder has a similar structure to (5), whereas the transformation matrix is given by the entries of a non-uniform DFT-matrix. This non-uniform DFT-matrix may be represented by an oversampled DFT-matrix. 

The proposals [3], [4] and [5] have in common that each column of the transformation matrix is selected from a frequency-domain codebook represented by a DFT-based matrix. 

Proposal 1: Study DFT-codebook-based representations of  with either beam-dependent or beam-independent transformation matrices.

The feedback of the beam-dependent transformation includes  delays per beam and delay-domain combining-coefficients associated with the  beam-specific delays. The  delays are associated with entries of a DFT-based codebook. Therefore, the total feedback amounts to  delay-domain combining coefficients and  delays. The contribution in [3] argued that each beam is associated with a single mean delay, and the remaining  delays are defined around each mean delay. Therefore, instead of   delays, only  delays need to be fed back to the transmitter. 

The feedback of the beam-independent transformation includes  delays and  delay-domain combining coefficients associated with the  delays. Similar to the beam-dependent transformation, the  delays are associated with the entries of a DFT-based codebook.

In general, when optimizing the combining coefficients directly in the delay-domain, the associated delays may no longer be given by integer values. Therefore, they cannot be associated with entries of a DFT-matrix. Moreover, each beam is often associated with a specific direction and delay of a channel path component, and the delays of the channel path components may not be represented by integer values. Therefore, the flexibility of optimizing the delays can be increased when using an oversampled frequency-domain codebook. Let  be the oversampling factor. Then, the oversampled frequency-domain codebook may be represented by

	
	,
	(8)



where . The transformation matrices  are given by the entries of codebook .

Observation 1: The delays associated with the delay-domain complex combining coefficients may not be given by integer values, and therefore they cannot be associated with entries of a DFT-matrix.

Proposal 2: Consider oversampled DFT-matrices for the frequency-domain codebook for further study in NR.  

When optimizing the delays and combining coefficients directly in the delay domain, the first dimension of the frequency-domain codebook can be flexibly chosen. For example, the value of  can be set to the total number of PRBs. Unlike subband precoder, the precoder coefficients can vary per PRB and may not be constant over a subband. This leads to a higher flexibility in the optimization and possibly results in performance improvement. 

Proposal 3: Different values for the first dimension of the frequency-domain codebook can be studied in NR.

3. Conclusions
This contribution discusses a framework for codebook-based compression for the Type-II CSI feedback scheme with the following observations and proposals.
Observation 1: The delays associated with the delay-domain complex combining coefficients may not be given by integer values, and therefore they cannot be associated with entries of a DFT-matrix.
Proposal 1: Study DFT-codebook-based representations of  with either beam-dependent or beam-independent transformation matrices.
Proposal 2: Consider oversampled DFT-matrices for the frequency-domain codebook for further study in NR.  
Proposal 3: Different values for the first dimension of the frequency-domain codebook can be studied in NR.
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