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1 Introduction

The following working assumptions on the 4-Tx codebook have been agreed in the RAN1#73 meeting：

For rank 1 and 2: 

· W1 with wide-spaced beams (2a or 2b)(in[2]) for the sake of robustness of the gains

For rank 3 and 4: 
· W1=Identity, W2=Rel.8 codeword
Feedback modes with enhanced 4-Tx codebook: 

· PUSCH Mode 3-2
· Rank 3 & 4: Number of bits of i1 =0, number of bits of i2 =4 (i.e. No sub-sampling)
· If the Rel-12 codebook is configured :

· PUCCH Mode 1-1 Submode 1
· Rank 1-2: FFS until remaining codebook details are agreed. 

· Rank 3 & 4: Number of bits of i2 =4 (i.e. No sub-sampling)

· PUCCH Mode 1-1 Submode 2
· Rank 1-2: FFS until remaining codebook details are agreed.

· Rank 3 & 4: number of bits of i1 =0, number of bits of i2 =4 (i.e. No sub-sampling)
· PUCCH Mode 2-1 
· PTI=0 is not supported for rank 3 & 4.

· Rank 1-2: FFS until remaining codebook details are agreed.
· Rank 3 & 4: 
· Working assumption: Sub-sampling on subband W2 (number of bits of i2 =2); details FFS until remaining codebook details are agreed
In the post-meeting email discussions, the following have been agreed

· Codebook solution 2a in [2] is adopted as the enhanced 4Tx codebook for rank 1,2.

· Taking i1= [0,1,2,...,7] as the subsampling for rank 2 W1 in PUCCH mode 1-1 submode 1

Thus, the remaining issues for the enhanced 4-Tx codebook would be specifying 4-Tx codebook subsampling in PUCCH for CSI feedback mode 1-1 submode 1 (rank 1 W1), submode 2, and feedback mode 2-1. 

In this contribution, we then present our proposals on the remaining 4-Tx codebook subsampling issues for various PUCCH feedback modes.
2 Evaluations of enhanced 4-Tx codebooks
2.1 Enhanced 4-Tx codebooks for rank 1 and 2
It has been agreed in the email discussion after RAN1#73, that the solution 2a in [2] is selected as the enhanced 4-Tx codebook candidates for rank 1 and 2, which is described as follows.
Solution 2a: 
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Following the same W1,W2 indexing adopted for the 8-Tx codebook in 3GPP TS36.213, we first fix the indices for these two codebooks as follows.
For W1 with index i1, we have
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For W2 rank 1, denote k as the index for the 4 entries of 
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and i as the index for the column selection ei and co-phasing term (i) as in
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We then define W2 index i2=(i-1)*4+k-1, i=1,2,3,4, k=1,2,3,4, for rank-1 precoding matrix.

For W2 rank 2 in solution 2a, denote k, k=1,2, as the index for the two entries in
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and i, i=1,…,8, as the index for the column selection pairs as in  
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We then define rank-2 W2 index i2 as i2=(i-1)*2+k-1.
Codebook subsampling for PUCCH
2.2 PUCCH CSI feedback mode 1-1 submode 1

In PUCCH CSI feedback mode 1-1, submode 1, the feedback of jointly encoded RI and W1 can be configured. For 8-Tx codebook, 5-bits are used to represent an entry of RI and W1. Thus subsampling was adopted for 8-Tx codebook in PUCCH mode 1-1 submode 1 as the total number of entries is more than 32. For 4-Tx codebook, the total number of entries of RI and W1 is 34. Therefore, subsampling is also needed for 4-Tx codebook.
	W1 index i1
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	Beams in W1
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23

	
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31

	
	24
	25
	26
	27
	28
	29
	30
	31
	0
	1
	2
	3
	4
	5
	6
	7


Table 1.W1 beam components in enhanced 4Tx codebook.

As shown in Table 1, since two W1s with indices i1 and i1+8 consist of same beam components (beam groups), for rank 2, there are many overlaps among the final codewords in these two W1 codeword sets. Thus, one natural way is simply taking {i1}={0,1,…,7} as the subsampled W1 for mode 1-1, submode 1, which has been agreed during the RAN1#73 after-meeting email discussion.
For rank 1, thanks to the co-phasing term, (i), the codeword redundancy issue due to complete beam group overlap among W1 is gone. We think that it would be beneficial to have the beams span all angle space with a uniform beam spacing, and co-phasing term selections from a W2 entry. Therefore, we prefer the subsampling of W1 for rank 1 as { i1| i1=0, 2,4,6,8,10,12,14}.
The preferred 4-Tx codebook subsampling for PUCCH mode 1-1 submode 1 is then summarized in Table 2. 

	Value of joint encoding of RI and the first PMI 
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	0-7
	1
	{0,2,4,6,8,10, 12, 14} (2I RI/PMI1) 

	8-15
	2
	0,1,2,3,4,5, 6, 7 (I RI/PMI1-8)

	16
	3
	NA

	17
	4
	NA

	20-31
	reserved
	NA


Table 2. codebook subsampling for PUCCHmode 1-1 submode 1.
2.3 PUCCH CSI feedback mode 1-1 submode 2

In submode 2 of PUCCH CSI feedback mode 1-1, the user can be configured to report the CQI and preferred precoder information (W1 and W2). Thus total number of feedback bits required without subsampling would be 12 bits (4-bit for one CQI, 4-bit for W1, and 4-bit for W2) for rank 1 CSI feedback , 15 bits (7bit for two CQIs, 4-bit for W1, 4-bit for W2) for rank 2 feedback, or 11 bits (7 bits for two CQIs, 4 bits for W2) for rank 3 or rank 4 feedback. To accommodate all the feedback we now consider codebook subsampling for both W1 and W2. 

One solution is to follow 8-Tx codebook subsampling, i.e, 4-bit payload each for rank 1 and 2 with 3/1 splitting for W1 and W2.

We can follow the same subsampling solution of W1 for rank-1 and 2 as submode 1 presented in Sec. 3.1. Then for rank 1, the subsampling of W1 is {0, 2,4,6,8,10,12,14}. For W2, we can select only e1 and e3 each with a fixed co-phasing selection, i.e., fixed ((i), k). We can see with this subsampling solution of W1, W2 for rank 1, the selected beams will span in the whole angle space with uniform beam spacing, i.e., the beams [1, q1n]T with n=0,2,4,…,30. For the co-phasing terms, we can simply choose the first entry of each one, i.e. ((1), k=1) or i2=0 for e1 , ((3), k=1) or i2=8 for e3. We can see for i2=0, the co-phasing term is 1. Then it is just the beam selection. For i2=8, the overall co-phasing term is q14.
For rank 2, with the subsampling of W1 is {0,1,2,3,4,5,6,7} we can similarly select {( e1, e1), (e3, e3)} as W2 subsampling. Again we can select the first co-phasing entry for each beam pair, i.e, i2=0, 4. However, with these two selections, the selected beams are not in a uniform spacing. Thus, if we do not restrict to have the same subsampling for W1 as in submode 1, we can apply the subsampling of i1({0,2,4,6,8,10,12,14} for W1. Then with subsampling of {( e1, e1), (e3, e3)}, we then have the beam selections with a uniform separation.
Based on above discussions, the preferred 4-Tx codebook subsampling for PUCCH mode 1-1 submode 2 is summarized in Table 3.
	RI
	Relationship between the first PMI value and codebook index 
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	Relationship between the second PMI value and codebook index 
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	Value of the first PMI 
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	Codebook index 
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	Value of the second PMI
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	#bits

	1
	0-7
	{0,2,4,6,8,10,12,14}
	0-1
	{0,8} 
	4

	2
	0-7
	{0,1,2,3,4,5,6,7} or {0,2,4,6,8,10,12,14}
	0-1
	{0,4}
	4

	3
	NA
	NA
	0-15
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PMI

I

(no subsampling)
	4

	4
	NA
	NA
	0-15
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PMI

I

(no subsampling)
	4


Table 3. 4-Tx codebook subsampling for PUCCH mode 1-1 submode 2.

2.4 PUCCH CSI feedback mode 2-1

In PUCCH CSI feedback mode 2-1, the user can be configured to report the preferred subband with the corresponding preferred PMI and CQI.  For the subband CQI/PMI report, L bits are allocated to report user preferred subband index. When double codebook structure is configured, the user needs to report the CQI and second PMI (for W2). With L bits for the subband reporting, the feedback payload size for CQI and second PMI is reduced. For 8-Tx codebook, maximum 9- bit payloads are allocated for subband CQI/second PMI reporting. 

We now consider the subsampling of enhanced 4-Tx codebook. For rank 1, only one CQI is reported. Thus subsampling is not needed. We now discuss the subsampling for other ranks.
For rank 3: The sub-sampling to select 4 out of 16 codewords can be done using either the Chordal distance or the Fubini-Study distance measure. 
In total there are 1820 choices (16 choose 4). We find that there are some choices whose metrics are equal to the maximum upon using the Chordal distance as the distance measure. Surprisingly these are the same choices whose metrics are again equal to the maximum when using the Fubini-Study distance as the distance measure. Two of these choices are {12, 13, 14, 15}, {0,2,8,10}.
For rank-4: each codeword is a 4x4 unitary matrix so the distance (either Chordal distance or Fubini-Study) among any two pair of codewords is zero. Thus, a convenient way for sub-sampling is to re-use the indices obtained for the rank-3 case in the rank-4 legacy codebook, to obtain a sub-sampled rank-4 codebook. 
For rank-2, based on the criterion of having (near-) maximal metrics under an appropriate distance measure, we propose i2({0,2,4,6} for W2 subsampling, indicating that for the enhanced 4-Tx codebook, 
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 are selected. 
However, due the issue of different W1 having the same beam group, with the above beam selections, the codeword redundancy cannot be avoided. One alternative solution is to choose only beam selections 
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 with both co-phasing terms, 
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, which correspond to the W2 index i2({0,1,4,5}. This beam selection scheme can still cover all 32 beams but avoid the codeword redundancy. In addition, it will be benefit to have one more co-phasing term.
The preferred 4-Tx codebook subsampling for PUCCH mode 2-1 codebook is summarized in Table 4.
	RI
	Relationship between the second PMI value and codebook index 
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	Value of the second PMI 
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	Codebook index 
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	1
	0-15
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PMI

I

(no subsampling)

	2
	0-3
	{0 2 4 6} or {0 1 4 5}

	3
	0-3
	{12 13 14 15}

	4
	0-3
	{12 13 14 15}


Table 4 PUCCH mode 2-1 codebook subsampling for 4-Tx codebook.
Conclusions
In this contribution, we propose to: 
* Adopt preferred codebook subsampling listed in Tables 2-4 for PUCCH mode 1-1 submode 1, submode 2, and PUCCH mode 2-1, respectively.
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