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[bookmark: _Toc1135643]Introduction
From previous meetings, agreements on MU-CSI were reached. In this contribution we provide our views on a few selected topics.
Discussion on FD components
On RI=3-4 extension, the following agreement was reached at RAN1 #96bis:
· (L,p) setting: In RAN1#97 (Reno), down select and decide from the following alternatives: 
· Alt2B, Alt3C, Alt6E (see Table 9 from R1-1905629)
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As it was agreed also that SD component selection is common across layers and RI, we need to discuss the design concerning  under Alt. 2B, Alt. 3C and Alt. 6E only. 
Among the alternatives, Alt. 6E provides the maximum flexibility, however the case is still be made to justify such flexibility. In terms of design complexity, Alt. 3C and Alt. 2B are similar as for both schemes one additional parameter needs to be introduced besides  
To that end, we collect channel realizations to study the number of FD components required at each layer and the number of non-zero coefficients required at each layer to achieve roughly the same level of quantization error. We observe that on average the number of FD components required at each layer pretty much increases monotonically with the spatial layer index; though there are also many cases the number of FD components required is more or less the same across spatial layers. We believe there are two mechanisms leading to that:
· With RI=3 or 4, precoders for spatial layers of higher indices tend to be composed from more delay taps, than precoders for spatial layer 1. 
· Assume SVD or EVD with sorted eigenvalues is used to derive the precoders at each subband, for a given spatial layer, effectively we select one eigen-vector from each subband into a set of rank-1 precoders across subbands, with the ranking of the eigenvector’s corresponding eigenvalue as the selection metric. 
1) For spatial layers of higher indices, due to channel fluctuation (frequency selective fading) and frequency-dependent interference, a selected eigenvector for a spatial layer of a high index (e.g. layer 3 or layer 4) can be subjected to a large rotation.  
2) For a given subspace (e.g. the precoders for Layer 3 and Layer 4), there can be many equivalent bases. Which basis is selected is also subjected to the matrix manipulation procedure. In Figure 1, it shows the selected eigenvector for Layer 1 remains relatively stable across subbands; yet selected eigen-vectors for Layer 2 or Layer 3 can suffer from large rotations due to the afore-mentioned reasons. 
· It may be possible in a careful implementation the effect due to 2) can be mitigated.
Hence between Alt. 3C and Alt. 2B, as Alt. 2B is able to facilitate selecting different numbers of FD components for Layers ½ and Layers ¾, we hvae

Proposal 1: Alt2B  from R1-1905629 is selected.

[image: ]
Figure 1 Subspace rotation due to frequency selection fading & frequency dependent interference

Discussion on   handling

A rank  linear combination precoder can be written as

	
Where
  is the number of spatial beams per polarization, and ,  are the spatial beams selected in a wideband fashion per polarization, and in total  spatial beams are selected for two polarization as in Rel-15 Type II CSI feedback;

 is the spatial layer index, , and  is a frequency index (e.g. the subband index or PRB index),   is the total number of frequency units (sub-bands, PRBs etc) over which the CSI feedback is applicable, e.g. 16 or 18.
 
At the NR Ad Hoc meeting in Taipei (January 2019), the following agreement was reached:
 Agreement
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Values of N3: For  and NSB is # CQI subbands, when , downselect among the following alternatives in RAN1#96
· 
Alt1: N3 is smallest multiple of 2, 3, or 5 which is  
· Alt2: N3 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

It is clear two alternatives (i.e. padding vs segmentation) are to be downselected.

Candidate schemes for padding
If >13,  then a pre-processing step is needed to pad some frequency units to segment , so the resulted number of frequency units is  .  
Here we consider a number of options for padding as illustrated in Figure 2:
· Alt 1-1: a few subband(s) at the start and the end of the reporting band are copied and placed at the original  subbands; more specifically  subbands at the start are copied and prepended to the original  subbands; and  subbands at the end are copied and appended to the subbands. 
· Alt. 1-3: a few subband(s) at the start and the end of the reporting band are copied and placed, more specifically the first subband in original  subbands   is copied and duplicated into   copies and prepended to the original  subbands; and the last subband in original  subbands is copied and duplicated into     copies and appended to the subbands;
· Alt. 1-2:   and   subbands (zeros for all coefficients) are appended to the  original  subbands;
· Alt. 1-4: Consider when DFT is applied to a sequence with a few tones, and sudden changes in phase/amplitude (e.g. between the first element and the last element in the sequence as they are adjacent with circular indexing) may result in many non-zero frequency components in the resulted sequence, smoothing the transition from one element to another element in the original sequence may help reduce the number of non-zero frequency components. From that, the padded CSI subbands consist of weighted combinations of the last subband and the first subband of the original  subbands. The weighted function can a raised cosine function.
· 
[image: ]
Figure 2 Padding schemes with padding from both sides
From Figure 2, it can be seen that depending the number of padded subbands, the gNB needs to discard a number of CSI subbands at the beginning of the reported CSI, so the PMI/CQI for the original  subbands can be identified correctly. In another word, a mapping function is needed to map the  subbands out of  subbands. In Figure 3, instead of padding CSI subbands on both ends, all the padded subbands are appended to the  subbands, hence the first  subbands out of  subbands of the CSI report are for the original  subbands.
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Figure 3 Design choices with padding on a single side
Here we provide more details on Alt. 1-4b:
· Let the precoding coefficient of the first subband in the original  subbands be ;
· Let the precoding coefficient of the last subband in the original  subbands be ;
· Then the assumed precoding coefficient for subband  is given by 
· where is a weighting function, with  for is a weighting function, with  for all 
·  and can be used to create tapering/weighting between  and .
· One can require  to simplify the design.
· The raised cosine function can be used for :
· If 
· If  ;
· If  
·  

Other design choices are also possible: denote  as  For for example we have
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	The intuition behind Alt 1-4b is that at a given spatial layer, the precoding coefficients for the  subbands change slowly with frequency; in another word it should have power concentrated over low frequency components (around the DC) rather than high frequency components. To facilitate discussion below, let us introduce a few notations:
Approximately at  subbands, the precoding coefficients  are given by 
  where  is the channel gain for delay tap , and is the phase ramp for delay tap  And we have    
Typically   for any integer  hence the phase/amplitude discontinuity between  and  leads to non-zero coefficients  showing up at many FD components after DFT. By using the weighting function such as the raised cosine function, then a sudden change between  and  is avoided, and the change between  and  is made gradual, and consequently the number of coefficients with significant power showing up at FD components after DFT is reduced. The contrast is illustated in Figure below.
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Figure 4 (a) Abrupt change without padding (b) Gradual change with padding


As the processing for Alt 1-1b, 1-2b, 1-3b and 1-4b is simpler than Alt. 1-1, 1-2, 1-3 and 1-4, we have
Proposal 2: Candidate schemes for padding include Alt 1-1b, 1-2b, 1-3b and 1-4b.


Candidate schemes for segmentation
With a given  if  has a prime factor other than 2, 3 or 5, then find the least number which has 2, 3 or 5 only as prime factor(s)  and is larger than or equal to   the first segment consists of CSI subbands 1, …, , and the second segment consists of CSI subbands 
[bookmark: _Toc1125313][bookmark: _Toc1129888][bookmark: _Toc1130033][bookmark: _Toc1130190][bookmark: _Toc1134534][bookmark: _Toc1125314][bookmark: _Toc1129889][bookmark: _Toc1130034][bookmark: _Toc1130191][bookmark: _Toc1134535]We have 
Proposal 3: Consider the following scheme for segmentation:
With a given  if  has a prime factor other than 2, 3 or 5, then find the least number which has 2, 3 or 5 only as prime factor(s)  and is larger than or equal to   the first segment consists of CSI subbands 1, …, , and the second segment consists of CSI subbands 

[bookmark: _Toc1135820]Conclusions
In this contribution, we provide our views on MU CSI enhancement. We have
Proposal 1: Alt2B  from R1-1905629 is selected.

Proposal 2: Candidate schemes for padding include Alt 1-1b, 1-2b, 1-3b and 1-4b.
Proposal 3: Consider the following scheme for segmentation:
With a given  if  has a prime factor other than 2, 3 or 5, then find the least number which has 2, 3 or 5 only as prime factor(s)  and is larger than or equal to   the first segment consists of CSI subbands 1, …, , and the second segment consists of CSI subbands 

[bookmark: _GoBack]Appendix (simulation evaluation)
Let   be the number of CSI subbands before padding.   subbands are padded to the original Ns subbands where  is the smallest integer which is a multiple of 2, 3 or 5 and is larger than   .
Option 1:
  subbands are appended to the original  subbands.

Option 2:
  subbands are prepended to the original  subbands; and  subbands are appended to the original  subbands. 

Let the precoding coefficient of the subband  in the original  subbands be ; . 
Let   be the padding size.

As for padding schemes, with Option 1:
1. Padding with average:
a. with padding size at 3: 
b. with padding size at 2: 
c. with padding size at 1: 
2. padding with the raised cosine function:
a. with padding size at 3: 
i. 
ii. 
iii. 
b. with padding size at 2: 
i. 
ii. 
c. with padding size at 1: 
i. 
3. Zero padding: i.e. 
4. Repetition padding, 
a. with padding size at 3: 
b. with padding size at 2: 
c. with padding size at 1: 
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Simulation evaluation
With resource utilization around 50%, with 16 TX and 2 RX and 30 KHz carrier spacing, we have performed system level simulations, and provide simulation results below, which actually achieve gains over the non-padding cases.
	Number of subbands
	PRBs/subband
	Padding size
	Cell edge throughput gain over non-padding 
	50% throughput gain over non-padding
	Padding scheme

	37
	2
	3
	2.17%
	1.05%
	Raised cosine function

	21
	4
	3
	0.8%
	1.53%
	Raised cosine function
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