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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
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This contribution is an extension of our previous contribution R1-1804118. 
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 Type II CSI feedback in Rel. 15 New Radio supports only up to 2-layer transmission and  orthogonal beam combination for each layer. 

However, the performance of Type II codebook is far from being achieved by optimal precoding schemes. Therefore, several enhancements have been proposed to extend the Type II CSI codebook to achieve higher performance gains. For example, extension to  beams combination in order to spatially separate multiple users with high resolution and support of  layer [3-4] transmissions are few proposals to mention. Inclusion of these enhancements results in a high feedback overhead. The contributions [4-6] 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 [7] 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 which is realized by the so-called space-delay precoder 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 [4], [5] and [7]. Also, simulation results are shown for one of the presented frameworks.

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 
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	(5)


where   and  .

DFT -based transformation matrix
The two contributions [4] and [5] 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 [5], the transformation matrix is beam-dependent, and the associated delays with each beam may differ for different beams. In contrast to [5], the transformation matrix in [4] is beam-independent, and the associated delays are identical for all beams. 

The approach in [7] uses space-delay precoding to calculate the precoder matrix . The space-delay precoder can be expressed as
	
	
	(6)


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 
	
	
	(7)


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 [4], [5] and [7] 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 [5] 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. Simulation results 
In this section, the performance and the amount of feedback provided by the space-delay (SD) precoder using the beam-independent transformation is presented. For comparison, the subband (SB) precoder using 6 subbands and the MRT precoder are considered. The simulations are performed using 50 PRBs and the frequency-domain DFT codebook with  (no oversampling) for simplicity. 
The simulation parameters and simulation setup details are summarized in Table. 2. The performance measure used to evaluate the different precoders is given by  
.
Here,  denotes the spectral efficiency improvement of  subbands/ delays with respect to a single subband/delay. Note that   is identical and frequency-flat for the SB and SD precoders when using a single subband/delay. Therefore,  refers to the average mutual information achieved using a wideband second stage precoder .
Fig. 1 shows the values of  for the SB precoder using  subbands and the SD precoder using different number of delays . It can be seen that when using  delays, the SD precoder suffers only from a small performance loss compared to the SB precoder. Moreover, for  delays, a sharp improvement in spectral efficiency and a similar performance than the SB precoder is obtained. Further gradual improvement is observed when increasing further the delay values. 
                       
                
Figure 1: Spectral efficiency improvement of subband, space-delay and MRT precoder with respect to a wideband precoder at an SNR of 10dB.
Table. 1 shows the spectral efficiency improvement and the amount of feedback in bits required for SB, SD and MRT precoders. The amplitude and phase of the precoder coefficients were quantized with three bits each. The delay values were quantized with 6 bits. 
As seen from Table 1, for approximately equal values of , a feedback overhead reduction of  is achieved for the SD precoder ( delays) compared to the SB precoder. Similarly, for approximately identical feedback overhead, the SD precoder ( delays) achieves a performance gain of  compared to the SB precoder ( subbands).

Table 1: Spectral efficiency improvement and feedback overhead of the space-delay precoder, subband- and MR- precoder schemes.
	Precoder scheme 
	
	Feedback overhead in bits
	Feedback overhead reduction compared to subband precoder

	Subband precoder 
	13.64%
	320
	-

	Space-delay precoder 
	10.27%
	134
	58.13%

	Space-delay precoder
	14.52%
	188
	41.25%

	Space-delay precoder 
	16.79%
	242
	24.38%

	Space-delay precoder 
	18.26% 
	296
	7.5%

	MRT 
	25.87%
	              2432 
	-



Observation 2: For equal performance, a significant feedback overhead reduction is achieved by space-delay precoding over sub-band based precoding.  

Observation 3: For equal feedback overhead, a performance gain is achieved by space-delay precoding over sub-band based precoding.

Proposal 4: Further study of performance gain and feedback reduction using delay-domain compression of  is required in NR.

4. Conclusions
This contribution discusses a framework for codebook-based compression for the Type-II CSI feedback scheme and present preliminary simulations results with the following observations and proposals.
Proposal 1: Study DFT-codebook-based representations of  with either beam-dependent or beam-independent transformation matrices.

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.  

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

Observation 2: For equal performance, a significant feedback overhead reduction is achieved by space-delay precoding over sub-band based precoding.  
Observation 3: For equal feedback overhead, a performance gain is achieved by space-delay precoding over sub-band based precoding.

Proposal 4: Further study of performance gain and feedback reduction using delay-domain compression of  is required in NR.
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Table 2: Simulation parameters and setup
	Simulation parameters 
	                                   Values 

	Channel setup 
	Single user MISO

	Channel scenario
	3GPP Urban Macro NLOS

	Carrier Frequency 
	2.6GHz

	System Bandwidth
	10MHz

	Number of subcarriers (Q)
	1024

	Number of PRBs 
	50

	Number of subbands 
	6

	Number of delays 
	1-5

	BS array antenna configuration 
	
X-pol (+/-90)


	UE antenna 
	Isotropic antenna with vertical polarization

	Cell radius 
	250m

	Base station height 
	25m 

	UE speed 
	3Km/h



SB - Subband precoder
SD - Space-delay precoder
SB  (S=6) 	
13.64	SD (L=2)	
10.27	SD (L=3)	
14.52	SD (L=4)	
16.79	SD (L=5)	
18.260000000000002	MRT	
25.86	Subbands/Delays/PRBs
𝞰[%]



