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1. [bookmark: _Toc474161164]Introduction

[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK40][bookmark: OLE_LINK258][bookmark: OLE_LINK261][bookmark: OLE_LINK262]In RAN1 #89, proposals from a huge WF on Type I and II CSI codebooks were agreed:
R1-1709232	WF on Type I and II CSI codebooks	Samsung, Ericsson, Huawei, HiSilicon, NTT DOCOMO, Intel Corporation, CATT, ZTE, Nokia, Alcatel-Lucent Shanghai Bell, AT&T, BT, CATR, China Telecom, CHTTL, Deutsche Telekom, Fujitsu, Interdigital, KDDI, Mitsubishi Electric, NEC, OPPO, Reliance Jio, SK Telecom, Sharp, Sprint, Verizon, Xiaomi, Xinwei, CEWiT, IITH, Tejas Networks, IITM

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 this contribution, we discuss some remaining issues in NR CSI feedback.

  
2. Discussion

[bookmark: _Toc481074956]Overhead reduction for the linear combination codebooks

Linear combination codebooks can provide CSI at higher resolution than that with Type I dual codebooks.   Typically a linear combination codebook is associated with heavy feedback overhead. Hence one is motivated to explore methods to reduce the feedback overhead of the linear combination codebooks; or equivalently achieve a higher resolution with a given overhead.

At RAN1 #89,  companies proposed to exploit the frequency domain correlation of the channel response in the feedback design of the linear combination codebooks; we propose to exploit the correlation of the channel response in the frequency domain to reduce the feedback overhead/achieve CSI with higher resolution. 



In RAN1 #89, the agreements concerning linear combination codebooks 1 read

· Beam selection is wideband only
· Unconstrained beam selection from orthogonal basis
· , 
· , 
· (rotation factors)
· ,  (orthogonal beam indices)
· The following values of and are supported:

	Number of CSI-RS ports
	
	

	4 (*)
	(2,1)
	(4,-)

	8 (*)
	(2,2)
	(4,4)

	
	(4,1)
	(4,-)

	12
	(3,2)
	(4,4)

	
	(6,1)
	(4,-)

	16
	(4,2)
	(4,4)

	
	(8,1)
	(4,-)

	24
	(6,2), (4,3)
	(4,4)

	
	(12,1)
	(4,-)

	32
	(8,2), (4,4)
	(4,4)

	
	(16,1)
	(4,-)


(*) Beam selection is not used for:
· 4-port L=2 (L=3, 4 is not supported)
· 8-port L=4.  



Hence in the framework of NR, beam selection is wideband, it is expected correlation in the frequency domain can be exploited to reduce feedback overhead.









 There seems one dimension which has not been explored yet: the frequency domain. As LC targets MU-MIMO, sub-band feedback is expected. One reasonable design is to require the precoder to be a continuous function of frequency. Consequently the linear combination coefficients, which may include amplitude  and/or phase  , should be a continuous funciton of frequency, where  for polarization (e.g.  for polarization at 45 degrees,  for polarization at -45 degrees),  for spatial layer,  is the rank of the codeword, , is the number of basis vectors per polarization. We can explore different interpolation function with polynomials, sinesoids, etc to synthesize these coefficients.

In general, Type II category 1 feedback with the considered design can be formulated as: 



	








where  stands for LC coefficients for , with  for polarization (e.g.  for polarization at 45 degrees,  for polarization at -45 degrees),  for spatial layer, R is the rank of the codeword, , and is the number of chosen basis vectors per polarization.


When the polynomial basis is used, a first order polynomial or a second order polynomial model 



with scalars ,  is an example to approximate  over multiple frequency bands with the polynomial bases. When other bases are used (e.g. sine functions, spline function etc), corresponding coefficients can be used.





Then for each  UE’s feedback can provide the amplitude and phase for linear combination at multiple sub-bands. It is possible that a single approximation (e.g. 2nd order polynomial with   ) may not be valid or optimal for all frequency bands, then piece-wise approximations over multiple band sets can be used: e.g. a first set of  is used for bands 1-10, and a second set of   is used for bands 11-20. 



In another example, frequency dependent parameterization can be exploited separately in the amplitude part and the phase part of the linear combination, or in the amplitude part or phase part only.










With =× exp(), and = exp(), is for frequency, e.g. frequency band index. By the notation, we allow the amplitude parts in the linear combination to be frequency-dependent. Note we can choose to perform interpolation of the cophasing terms in the angular domain (e.g. assume  can be approximated by a second order polynomial with real coefficients), or we can directly assume can be approximated for example with a second order polynomial with complex coefficients. 



It is also possible the frequency domain correlation is exploited for some, not all parameters used in the determination of a codeword. With that, for example, the frequency domain interpolation is used for , but not for  or vice versa.










Equivalent to the parameterization (e.g. through polynomial basis), a number of signaled values at given frequency locations can be also used to reconstructed the parameterization model.  This can be understood as if , then we can find  from {,  and } (e.g. explicitly signaled amplitudes/powers) and {,  and } (e.g. sub-band indices) through curve fitting.












Hence equivalent to frequency dependent parameterization, if values (amplitudes/powers/phases) at known frequent sub-bands , , ,… are given, and the 2nd order polynomial basis is assumed, one can find ,  and  as mentioned above. In the case the first order polynomial basis is assumed (i.e. ), then piece-wise linear curve fitting over  and  can be used to find , , and .



Table 1 bit allocation for NR linear combination codebook as agreed in RAN1 #89
	Sub-band1
	Sub-band 2
	Sub-band 3
	Sub-band 4
	Sub-band 5
	Sub-band 6
	Sub-band 7
	Sub-band 8
	Sub-band 9
	Sub-band 10

	1 bit
	1 bit
	1 bit
	1 bit
	1 bit
	1 bit
	1 bit
	1 bit
	1 bit
	1 bit




We provide a concrete construction below in Table 2. Table 1 is provided as reference for the NR linear combination codebook agreed on RAN1 #89.





In Table 2, at sub-bands 1, 5, 10, three sub-band amplitudes/powers are indicated each through a 2 bit field (e.g. for {, , , }. For other sub-bands without the explicitly signalled sub-band amplitudes, interpolation through curve fitting is applied to the amplitude/power from two neighbouring sub-bands with explicitly signalled sub-band amplitudes/powers. Of course, in this case, the UE and the network need to have the same understanding on the frequency-dependent parametrization method, including the curve fitting basis and sub-band indices with explicitly indicated amplitudes/powers. A similar method can be also considered for phases.

In summary, the network can configure a curve fiting basis for a UE (alternately the curve fitting basis can be specified), and the UE use the curve fitting basis for sub-band feedback (amplitudes/powers/phases). And the UE feeds back a number of values (e.g. amplitudes or phases) potentially at a higher resolution compared to the existing design at prescribed sub-bands.  On the network side, from the indices of the prescribed sub-bands, and the feedback from the UE, the network uses the curve fitting basis to deduce the relevant values at other sub-bands.

Table 2 bit allocatoin for the proposed frequency-correlated parameterization
	Sub-band1
	Sub-band 2
	Sub-band 3
	Sub-band 4
	Sub-band 5
	Sub-band 6
	Sub-band 7
	Sub-band 8
	Sub-band 9
	Sub-band 10

	2 bits
	 
	 
	 
	2 bits
	 
	 
	 
	 
	2 bits



We have 
Proposal 1: Support frequency-dependent parameterization to reduce signalling overhead and/or enhance CSI resolution. 




Review on single panel codebooks and multi-panel codebooks


The multi-panel codebook design builds on the single panel codebook design without antenna grouping. In the single panel codebook design with 16 or more ports, an antenna grouping scheme is used for Type I SP (Single Panel).

We note for the combination given for MP codebook at , , 16 port SP codebook without antenna group is used as a building block. From that, it seems natural to introduce a SP 16 port codebook without antenna grouping. We have

Proposal 2: Introduce a 16 port SP codebook without antenna grouping. 
 
  
3. Conclusion
In this contribution, we discuss some remaining issues in CSI feedback. We have

Proposal 1: Support frequency-dependent parameterization to reduce signalling overhead and/or enhance CSI resolution. 

Proposal 2: Introduce a 16 port SP codebook without antenna grouping. 
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