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1. Introduction
In RAN1#86, the following agreement about advanced CSI was made [1].
Agreement:
· Specify CSI feedback enhancement with the following advanced CSI feedback framework:
· Reduced space (eigenvectors)/W1 is constructed based on one of the following alternatives (TBD RAN1#86bis):
· Alt1. Orthogonal basis (e.g. orthogonal DFT matrix)
· Alt2. Non-orthogonal basis (e.g. Rel.13 Class A W1 for rank-1 and/or 2)
· [bookmark: _GoBack]Reduced space representation/W2 is to further combine selected beams
· Granularity of weighting(phase and/or amplitude) can be either wideband only or wideband/subband, and is constructed based on one of the following alternatives (TBD RAN1#86bis):
· Alt1. Phase and amplitude
· Alt2. Phase-only weighting
· How the enhanced framework can be applicable for Class A and/or Class B eMIMO-Types is FFS
· FFS: How to handle the relationship between advanced CSI feedback and legacy CSI feedback framework
· Companies are encouraged to provide results comparing the above alternatives, considering a mix of smaller and larger numbers of ports within the following antenna port configurations
· {4,8,12,16,20,24,28,32} ports
· Focus on rank<=2 scenario MU-MIMO for evaluation
· Feedback overhead needs to be taken into account
· For {4,8,12,16, 20,24,28,32}-port scenario, companies are encouraged to compare their proposals to dual-stage codebook enhancement with increased number of beams in W1 
This contribution provides a discussion on rank 2 linear combination codebook assuming phase-only weighting (W2 Alt 2, highlighted text) and with the design goal to keep rank 2 PMI reporting overhead comparable to rank 1 PMI reporting overhead, and proposes a few rank 2 codebook design alternatives. The simulation results for the proposed rank 2 codebook alternatives are provided in the companion contribution [2].  
2. LC Codebook Based CSI Reporting Overhead


[bookmark: _Ref462521176]Figure 1: Linear combination pre-coder
In advanced CSI reporting based on a linear combination codebook, a UE is configured with a double-codebook: W = W1W2, where   
· W1 is for WB and long-term first PMI i1 or PMI pair (i1,1,i1,2) feedback, which indicates a 2N1N2 × 2L basis matrix  whose columns correspond to L DFT beams for the two polarizations, and
· W2 is for SB and short-term second PMI i2 feedback, which indicates a coefficient vector  for linear combination of columns of B.
An illustration of the proposed LC codebook for L = 4 is shown in Figure 1. In this contribution, we focus on the design of LC W2 codebook. Depending on whether co-phase for the two polarizations is separated from the coefficients or not, we have the following alternatives for LC W2 codebook.
· Alt 0: The co-phase for the two polarizations is not separated from the coefficients.
· Alt 1: The co-phase for the two polarizations is reported separately. 
According to Alt 0, the LC pre-coder for layer r = 0, 1, …, R-1 of the rank-R LC codebook is given by
.
If  belongs to QPSK alphabet {1, -1, j, -j}, then the number of bits to report rank-R LC coefficients (i.e. 2nd PMI reporting overhead associated with W2 codebook) is This implies that for rank-2 (i.e. R = 2), the 2nd PMI reporting overhead is doubled when compared with that for rank-1. This increase in PMI reporting overhead is an issue if 2nd PMI has to be reported periodically using PUCCH because the limited number of CSI bits that can be reported using PUCCH. For example, if  then the number of bits to report rank 1 and rank 2 2nd PMIs are respectively 14 and 28 bits. While 14 bits rank 1 2nd PMI can be reported, for example, using PUCCH Format 3, 28 bits rank 2 2nd PMI can’t. It is therefore desired to design higher rank LC codebooks (e.g. rank 2) with PMI reporting overhead comparable to that for rank 1 and keeping periodic CSI reporting on PUCCH in mind. 
To reduce 2nd PMI reporting overhead for higher rank LC codebooks, we propose to consider Alt 1 in Figure 1, where co-phase for the two polarizations and LC coefficients are separated, hence can be quantized using respective codebooks. According to Alt 1, the layer r = 0, 1, …, R-1 of the rank-R W2 codebook has pre-coders for linear combination of L W1 beams with the following structure:
,
where 
·  are length-L beam selection vectors to select beams , respectively;
·  corresponds to the co-phase component of the W2 codebook; and
·  corresponds to the coefficient component of the W2 codebook.
Note that the coefficient for the 1st beam can be assumed to be 1, i.e., , for all layers r. For L = 2, the rank 2 W2 pre-coder is then given by
.
For L = 4, it is given by

Exploiting the structure of LC pre-coder in Alt 1, higher rank LC codebooks can be designed with the design goal of keeping the CSI reporting overhead comparable to rank 1 LC codebook. A few alternatives for rank 2 LC W2 codebook are proposed in Section 3.
Observation 1: If co-phase for the two polarizations is not separated from LC coefficients (Alt 0 in Figure 1), then the 2nd PMI reporting overhead for higher rank LC codebooks can be large which is an issue for periodic CSI reporting on PUCCH. 
Proposal 1: The LC codebook is designed with the design goal of keeping the number of bits (2nd PMI) for higher rank LC coefficients comparable to rank 1 LC coefficients so that periodic CSI reporting on PUCCH can be supported. 
Proposal 2: To reduce 2nd PMI reporting overhead for higher rank LC codebooks, consider Alt 1 in Figure 1 in which co-phase for the two polarizations and LC coefficients are separately considered.    
3. Rank 2 Linear Combination Codebook
Let  and  be the rank-2 codebooks for the co-phase component and the coefficient component for the two layers, respectively. For , a few alternatives are as follows:
· Coph0: For a given beam , the same co-phase is used for the two layers, i.e., , for example. So, the total number co-phase pair combinations for L beams is .     
· Coph1: For a given beam , the co-phase pair for the two layers  belongs to  Note that these are the two co-phase pairs in Rel. 13 Class A rank-2 codebook. So, the total number co-phase pair combinations for L beams is . 
· Coph2: For each beam , the co-phase pair for the two layers  belongs to . So, the total number co-phase pair combinations for L beams is .
The number of CSI bits for these alternatives for co-phase codebook  are summarized in Table 1. Note that the number of co-phase pair combinations for rank 1 codebook is  assuming QPSK {1, j, -1, -j} co-phase alphabet, which corresponds to  bits. Hence, alternatives Coph0 – Coph2 ensures that the size of co-phase codebook for rank 2 is at most equal to that for rank 1. 
[bookmark: _Ref461916155]Table 1: Rank 2 co-phase codebook  alternatives
	
	Rank-2 co-phase for two layers  
(2nd antenna polarization)
	Number of co-phase pair combinations for L beams 
	#bits

	Coph0
	
	
	

	Coph1
	
	
	

	Coph2
	
	
	


Similarly, for , a few alternatives are as follows:
· Coef0: For a given beam , the same coefficient is used for the two layers, i.e., , for example. So, the total number coefficient pair combinations for L beams is .     
· Coef1: For a given beam , the coefficient pair for the two layers  belongs to  So, the total number coefficient pair combinations for L beams is .  
· Coef2: For each beam , the coefficient pair for the two layers  belongs to . So, the total number coefficient pair combinations for L beams is .
[bookmark: _Ref462067553]Table 2: Rank 2 coefficient codebook   alternatives
	
	Rank-2 coefficient for two layers  
	Number of coefficient pair combinations for L beams 
	#bits

	Coef0
	
	
	

	Coef1
	
	
	

	Coef2
	
	
	


The number of CSI bits for these alternatives for coefficient codebook  are summarized in Table 2. Note that the number of coefficient pair combinations for rank 1 codebook is  assuming QPSK {1, j, -1, -j} coefficient alphabet, which corresponds to  bits. Hence, alternatives Coef0 – Coef2 ensures that the size of co-phase codebook for rank 2 is at most equal to that for rank 1.
Based on these alternative, the following rank 2 LC codebook can be considered where CB0 – CB7 correspond to Alt 1 in Figure 1 (separate co-phase) and CB8 corresponds to Alt 0 in Figure 1 (no separate co-phase). Simulation results comparing CB0 – CB8 are provided in the companion contribution [2]. Note that the number of bits for rank 1 LC codebook assuming QPSK alphabet for co-phase and coefficients are 6 and 14 for L = 2 and 4, respectively. 
[bookmark: _Ref462557956]Table 3: Rank 2 LC codebook alternatives
	Rank 2 LC codebook
	Alternative
	
	
	#bits for co-phase
	#bits for coefficient
	#bits in total
	
	

	CB0
	Alt 1 in Figure 1 (separate co-phase)
	Coph0
	Coef1
	
	
	
	5
	11

	CB1
	
	
	Coef2
	
	
	
	6
	14

	CB2
	
	Coph1
	Coef0
	
	
	
	4
	10

	CB3
	
	
	Coef1
	
	
	
	3
	7

	CB4
	
	
	Coef2
	
	
	
	4
	10

	CB5
	
	Coph2
	Coef0
	
	
	
	6
	14

	CB6
	
	
	Coef1
	
	
	
	5
	11

	CB7
	
	
	Coef2
	
	
	
	6
	14

	CB8
	Alt 0 in Figure 1
	-
	-
	-
	
	
	12
	28



Proposal 3: The rank 2 linear combination codebook is according to one of CB0 – CB7 in Table 3.
4. Conclusion
This document discusses higher rank LC codebook design with the design goal of keeping the CSI reporting overhead comparable to rank 1 LC codebook, and proposes rank 2 LC codebook alternatives. The proposals and observations made can be summarized as follows.
Observation 1: If co-phase for the two polarizations is not separated from LC coefficients (Alt 0 in Figure 1), then the 2nd PMI reporting overhead for higher rank LC codebooks can be large which is an issue for periodic CSI reporting on PUCCH. 
Proposal 1: The LC codebook is designed with the design goal of keeping the number of bits (2nd PMI) for higher rank LC coefficients comparable to rank 1 LC coefficients so that periodic CSI reporting on PUCCH can be supported. 
Proposal 2: To reduce 2nd PMI reporting overhead for higher rank LC codebooks, consider Alt 1 in Figure 1 in which co-phase for the two polarizations and LC coefficients are separately considered.    
Proposal 3: The rank 2 linear combination codebook is according to one of CB0 – CB7 in Table 3.
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