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1 Introduction
Based on intensive discussions in a past couple of RAN1 meetings, the following 4Tx codebook for rank 1-2 was agreed for Release 12:
4Tx Rank 1/2 Codebook for Release 12:
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For rank 1, 
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For rank 2, 
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According to the above agreement, the index of the beam vector corresponding to a specific W1 index can be summarized as Table 1.

Table 1: Beam vector corresponding to W1 index

	W1 index

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

	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


In addition, it was agreed that rank 3/4 reuses Release 8 codebook for 4Tx feedback in Release 12 based on the double codebook structure such that:
4Tx Rank 3/4 Codebook for Release 12:
W1=Identity, W2=Rel.8 precoder matrix
As a consequence of the agreement to support the new 4Tx codebook for both aperiodic and periodic CSI reports, a follow issue of how to support codebook subsampling for different periodic reporting modes was identified. This contribution addresses the issue of 4Tx codebook subsampling for the relevant periodic PUCCH reporting modes 1-1 and 2-1.
2 4Tx Codebook Subsampling for Periodic CSI Reporting
In Release 10, codebook subsampling was introduced for 8Tx to provide the followings:
· PUCCH feedback mode 1-1 submode 1: Simultaneous transmission of RI and first PMI

· To provide higher degree of reliability on the RI when it is transmitted in conjunction with the first PMI (W1)

· PUCCH feedback mode 1-1 submode 2: Simultaneous transmission of the first PMI, the second PMI, and wideband CQI

· To maintain PMI (including both the first and the second PMI) bit-width up to 4 bits

· PUCCH feedback mode 2-1: Simultaneous transmission of second PMI and subband CQI

· To maintain the PUCCH payload to 11 bits

In terms of detailed codebook subsampling design, different codebook subsampling schemes were adopted for the above three feedback modes:
· Codebook subsampling on W1 only for PUCCH feedback mode 1-1 submode 1
· Codebook subsampling on W1 and W2 for PUCCH feedback mode 1-1 submode 2
· Codebook subsampling on subband W2 only for PUCCH feedback mode 2-1
For the same reason as 8Tx codebook, the new 4Tx codebook would require similar codebook subsampling schemes for the above feedback modes. The following subsections discuss details on 4 Tx codebook subsampling.
Observation 1: Objective of codebook subsampling is to provide higher RI reliability or to maintain PUCCH payload.

Observation 2: Different codebook subsampling schemes are used for different feedback modes.

2.1 PUCCH Mode 1-1 Submode 1
In PUCCH mode 1-1 submode 1, RI and W1 are simultaneously reported in Type 5 reporting. For this mode in case of 8Tx, codebook subsampling was adopted to provide a higher degree of RI reliability by removing redundant precoding matrices from W1 codebook as shown in Table 2. The rationale behind rank 1/2 codebook subsampling in Table 2 is that each of adjacent two codewords in 8Tx W1 codebook consists of two overlapped beam vectors and two distinct beam vectors such that even (or odd) indexed codewords can cover all possible codewords in the 8Tx codebook after combined with W2. 
Table 2: Joint encoding of RI and first PMI for PUCCH mode 1-1 submode 1 in case of 8Tx

	Value
	RI
	W1 index

	0-7
8-15
16-17

18-19

20-21

22-23

24-25

26

27-31
	1
2
3

4

5

6

7

8

reserved
	0, 2, 4, 6, 8, 10, 12, 14
0, 2, 4, 6, 8, 10, 12, 14
0, 2

0, 2

0, 2

0, 2

0, 2

0

NA


During the email discussion on 4Tx codebook after RAN1#73, W1 codebook subsampling taking [0, 1, …, 7] for rank 2 in PUCCH mode 1-1 submode 1 was agreed for a similar reason to 8Tx. In case of 4Tx rank 2, as shown in Table 1, W1 precoding matrices of indices [8, 9, …, 15] are just column permutations of W1 precoding matrices of indices [0, 1, …, 7]. Such characteristic leads to two replicas in 4Tx rank 2 codebook after W1 is combined with W2. One simple way of removing the replicas is the agreed subsampling scheme.
On the other hand, 4Tx rank 1 codebook consists of distinct 256 precoding matrices due to co-phasing term 
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 in W2 structure. This aspect which is different from the cases of 8Tx and 4Tx rank 2 results in three alternative subsampling methods for PUCCH mode 1-1 submode 1 in case of 4Tx rank 1.
The first alternative (Alt 1) is not to support codebook subsampling for 4 Tx rank 1. The resulting joint encoding of RI and first PMI for PUCCH mode 1-1 submode 1 could be summarized as in Table 3.
Table 3: Joint encoding of RI and first PMI for Alt 1 (PUCCH mode 1-1 submode 1)
	Value
	RI
	W1 index

	0-15
16-23
24
25
26-31
	1
2
3

4

reserved
	0, 1, …, 15
0, 1, …, 7
0
0

NA


The main argument point for Alt 1 is that codebook subsampling could cause the performance degradation in terms of beamforming gain because there is no redundant codeword in 4Tx rank 1 codebook. However, the total system performance is not only dependent on beamforming gain of PDSCH but also dependent on the reliability of RI and W1. For rank 2 capable UEs, the bit-width of RI and W1 in Table 3 is 5 bits which is larger than 8Tx. This would cause a lower level of reliability for RI and W1 according to the higher level of effective code-rate. Given that 4Tx precoding would provide a wider beam-width than 8Tx, equal or less bit-width for PMI bits for 4Tx W1 than for 8Tx W1 seems more natural.
Alt 1 for mode 1-1 submode 1: No codebook subsampling for 4Tx rank 1:
· Reliablity for RI and W1 cannot have achieve the first objective of codebook subsampling (higher RI/W1 reliability)
· Rank 2 capable UEs requires 1 additional bit compared to that of 8Tx, even though the beam-width of 4Tx is twice that 8Tx
The second alternative (Alt 2) is to adopt codebook subsampling to take half of the codewords in 4Tx rank 1 codebook. One possible way of down-selecting codewords for subsampling would be [0, 1, …, 7] as in rank 2 subsampling. In case of rank 1 codebook, even though the co-phasing term results in distinct 256 precoding matrices, rank1 codebook also has 128 pairs each of which has similar two precoding matrices due to the above mentioned column permutation property of W1. The subsampling of [0, 1, …, 7] can remove this similarity in W1 codebook as well as can cover all possible beam vectors of indices 0 to 31. The resulting joint encoding of RI and first PMI for PUCCH mode 1-1 submode 1 can be summarized as in Table 4.
Table 4: Joint encoding of RI and first PMI for Alt 2 (PUCCH mode 1-1 submode 1)
	Value
	RI
	W1 index

	0-7
8-15
16
17
18-31
	1
2
3

4

reserved
	0, 1, …, 7
0, 1, …, 7
0
0

NA


In Table 4, for rank 2 capable UEs, since the fifth bit for RI and W1 can be always set to zero, the resulting effective code rate of the corresponding PUCCH reporting is the same as the case of 4-bit RI and W1. Note that even for rank 4 capable UEs, there are far less decoding hypothesis than 32, which could be taken advantage of in order to get better decoding performance.
Alt 2 for mode 1-1 submode 1: Codebook subsampling to take half of the codewords in 4Tx W1 codebook:
· Removes the similarity between the i-th and (i+8)-th codewords of W1

· Achieves first objective of codebook subsampling (higherRI/W1 reliability)
The third alternative (Alt 3) is to apply different codebook subsampling as a function of the UE’s MIMO capability. In case the UE is rank 2 capable, codebook subsampling would be applied for rank 1 codebook. However, in case  the UE is rank 4 capable, codebook subsampling would not be applied for rank 1 codebook. In other words, the first two rows of Table 4 are used for rank 2 capable UEs while Table 3 is used for rank 4 UEs. For Alt 3, different two codebook subsampling methods need to be implemented based on UE’s MIMO capability. Although Alt 3 tries to compromise between Alt 1 and Alt 2, it could cause additional burden on UE development in order to tailor codebook subsampling as a function of UE MIMO capability. 
Alt 3 for mode 1-1 submode 1: Codebook subsampling for rank-2 capable UEs but no codebook subsampling for rank-4 capable UEs:

· Compromise solution of Alt 1 and Alt 2
· Additional UE development burden
Based on the above discussion, our preference on rank 1 codebook subsampling for PUCCH mode 1-1 submode 1 is Alt 2 which is a natural extension of 8Tx codebook subsampling and is designed to provide better RI reliability by removing redundant codewords as much as possible.
Proposal 1: Adopt Alt 2 as the codebook subsampling scheme for 4Tx rank 1 in case of PUCCH mode 1-1 submode 1 among the following alternatives:

· Alt 1: No codebook subsampling for 4Tx rank 1
· Alt 2: Codebook subsampling to take half of the codewords in 4Tx rank 1 codebook (e.g. [0, 1, …, 7])
· Alt 3: Codebook subsampling for rank-2 capable UEs but no codebook codebook subsampling for rank-4 capable UEs
2.2 PUCCH Mode 1-1 Submode 2
In PUCCH mode 1-1 submode 2, W1, W2 and wideband CQI are simultaneously reported in Type 2c reporting. For this mode in case of 8Tx, codebook subsampling was adopted to maintain PMI bit-width to 4 bits in order to ensure the total bit-width of Type 2c reporting is not over 11 bits. Table 5 shows the subsampling for PUCCH mode 1-1 submode 2 in case of 8Tx.
Table 5: Subsampling for PUCCH mode 1-1 submode 2 in case of 8Tx

	Rank
	i1 (W1 index)
	
	i2 (W2 index)
	

	1
	0, 2, 4, 6, 8, 10, 12, 14
	2bits
	0, 2
	1bit

	2
	0, 2, 4, 6, 8, 10, 12, 14
	2bits
	0, 1
	1bit

	3
	0, 2
	1bit
	0, 1, 2, 3, 8, 9, 10, 11
	3bits

	4
	0, 2
	1bit
	0, 1, 2 ,3 ,4 ,5, 6, 7
	3bits

	5, 6, 7
	0, 1, 2, 3
	2bits
	0
	0bit

	8
	0
	0bit
	0
	0bit


In Table 5, the rank 1/2 subsampling uses 3 bits to choose one of the uniformly selected beam vectors (0, 4, 8, …, 28) while another 1 bit is used for co-phasing.
A similar method as 8Tx could be adopted for 4Tx codebook subsampling. That is, 4Tx codebook subsampling for PUCCH mode 1-1 submode 2 could be designed such that 3 bits are used to choose one of the 8 beam vectors which is selected uniformly, and another 1 bit is used for co-phasing. Taking into account the structure of the new 4Tx codebook, such subsampling method could be summarized as shown in Table 6. Note that it was agreed in the last RAN1 meeting not to apply subsampling for PUCCH mode 1-1 submode 2 in case of rank 3/4 [1].
Table 6: PUCCH mode 1-1 submode 2 subsampling in case of 4Tx
	Rank
	i1 (W1 index)
	
	i2 (W2 index)
	

	1
	0, 4, 8, 12
	2bits
	0, 2, 8, 10
	2bits

	2
	0, 4, 8, 12
	2bits
	0, 1, 4, 5
	2bits

	3
	0
	0bit
	0, 1, 2, 3, 4, …, 15
	4bits

	4
	0
	0bit
	0, 1, 2, 3, 4, …, 15
	4bits


The indices of beam vectors selected by the subsampling in Table 6 are (0, 4, 8, …, 28) which have evenly spaced intervals. The subsampled phase alignment values are (+1, -1) and (+1, +j) for rank 1 and rank 2, respectively, similar to that of  8Tx.
Proposal 2: Adopt subsampling method in Table 6 for PUCCH mode 1-1 submode 2 in case of 4Tx
· Choose one of the 8 beam vectors to be evenly spaced
· Choose one of possible two co-phasing values, (+1, -1) for rank 1 and (+1, +j) for rank 2
2.3 PUCCH Mode 2-1
In PUCCH mode 2-1, subband W2 and subband CQI are simultaneously reported in Type 1a reporting. For this mode in case of 8Tx, codebook subsampling was adopted to maintain W2 bit-width up to 2 bits ensuring the total bit-width of Type 1a reporting is not over 11 bits in case of multi-rank. Note that subsampling is not required for rank 1 which is associated with CQI for only 1 codeword transmission. Table 7 shows the subsampling for PUCCH mode 2-1 in case of 8Tx.

Table 7: Subsampling of Second PMI for PUCCH mode 2-1 in case of 8Tx

	RI
	Second PMI value
	W2 index

	1
2
3

4

5-8
	0-15
0-3
0-3

0-3

0
	0-15
0, 2, 4, 6
2, 3, 10, 11

0, 2, 4, 6

0


The rank 2 subsampling in Table 7 takes W2 precoding matrices corresponding to the selection vectors 
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 while always using the first co-phasing value ‘+1’. 
One could apply the same method of codebook subsampling for 4Tx as that of 8Tx. In other words, in case of rank 2, W2 will indicate one of four selection vectors while the co-phasing value is fixed. The main design philosophy for precoder subsampling should be to first remove the redundancies in the full codebook. However, the W2 subsampling method described above cannot remove any redundant codeword in the new 4Tx codebook after combined with W1. As shown in Table 1, W1 precoding matrices of indices [8, 9, …, 15] are just column permutations of W1 precoding matrices of indices [0, 1, …, 7], respectively. In particular, the n-th column of the (i+8)th W1 is the same as the (n+1)-th column of the ith W1. This characteristic is shown in the figure below.
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Figure 1: Column permutation property of W1 codebook
Due to this characteristic leads to the precoding matrix combined between (i+8)th W1 and W2 corresponding to 
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 and the precoding matrix combined between ith W1 and W2 corresponding to 
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 to always be the same causing redundant codewords in the codebook.

In the sense of removing redundant codewords as well as covering all possible beam vectors, one alternative for 4Tx rank 2 subsampling for PUCCH mode 2-1 is to take W2 precoding matrices corresponding to the selection vectors 
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 using the both co-phasing values ‘+1’ and ‘+j’. After combined with W1, such W2 subsampling method can cover all possible beam vectors from 0 to 31 as well as all possible co-phasing values ‘+1’ and ‘+j’. Furthermore, there is no redundant codeword in the subsampled rank 2 codebook created by this subsampling method.
Proposal 3: Adopt W2 subsampling method for PUCCH mode 2-1 in case of 4Tx rank 2 as follows:
· Take W2 precoding matrices corresponding to the selection vectors 
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 using the co-phasing values ‘+1’ and ‘+j’.
· After combined with W1, such W2 subsampling method can cover all possible beam vectors from 0 to 31 as well as all possible co-phasing values ‘+1’ and ‘+j’.
For rank 3 and rank 4, Rel-8 codebook is reused for the Rel-12 4Tx codebook. Given that the last 4 precoding matrices in Rel-8 codebook are designed targeting to XPOL antenna configuration, these codewords could be taken for codebook subsampling for mode 2-1. XPOL antenna configuration is the main target for the enhanced Release 12 codebook.
Having discussed above, our preference for 4Tx codebook subsampling method for mode 2-1 is summarized in Table 8.
Table 8: Subsampling of Second PMI for PUCCH mode 2-1 in case of 4Tx

	RI
	Second PMI value
	W2 index

	1
2
3

4
	1-15
0-3
0-3

0-3
	0-15
0, 1, 4, 5
12, 13, 14, 15

12, 13, 14, 15


3 Conclusions
In this contribution, the issue of codebook subsampling for periodic PUCCH reporting mode 1-1 submode 1, submode 2, and mode 2-1 was discussed. Based on the discussion, it is proposed that:

Proposal 1: Adopt Alt 2 as the codebook subsampling scheme for 4Tx rank 1 in case of PUCCH mode 1-1 submode 1 among the following alternatives:

· Alt 1: No codebook subsampling for 4Tx rank 1
· Alt 2: Codebook subsampling to take half of the codewords in 4Tx rank 1 codebook (e.g. [0, 1, …, 7])
· Alt 3: Codebook subsampling for rank-2 capable UEs but no codebook codebook subsampling for rank-4 capable UEs
Proposal 2: Adopt subsampling method in Table 6 for PUCCH mode 1-1 submode 2 in case of 4Tx
· Choose one of the 8 beam vectors to be evenly spaced
· Choose one of possible two co-phasing values, (+1, -1) for rank 1 and (+1, +j) for rank 2
Proposal 3: Adopt W2 subsampling method for PUCCH mode 2-1 in case of 4Tx rank 2 as follows:
· Take W2 precoding matrices corresponding to the selection vectors 
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 using the co-phasing values ‘+1’ and ‘+j’.
· After combined with W1, such W2 subsampling method can cover all possible beam vectors from 0 to 31 as well as all possible co-phasing values ‘+1’ and ‘+j’.
Based on the above proposals, the codebook subsampling method for the new 4Tx codebook can be summarized the following three Tables.

Table 4’: Joint encoding of RI and first PMI for PUCCH mode 1-1 submode 1 in case of 4Tx

	Value
	RI
	W1 index

	0-7
8-15
16
17

18-31
	1
2
3

4

reserved
	0, 1, …, 7
0, 1, …, 7
0
0

NA


Table 6’: PUCCH mode 1-1 submode 2 subsampling in case of 4Tx

	Rank
	i1 (W1 index)
	
	i2 (W2 index)
	

	1
	0, 4, 8, 12
	2bits
	0, 2, 8, 10
	2bits

	2
	0, 4, 8, 12
	2bits
	0, 1, 4, 5
	2bits

	3
	0
	0bit
	0, 1, 2, 3, 4, …, 15
	4bits

	4
	0
	0bit
	0, 1, 2, 3, 4, …, 15
	4bits


Table 8’: Subsampling of Second PMI for PUCCH mode 2-1 in case of 4Tx

	RI
	Second PMI value
	W2 index

	1
2
3

4
	1-15
0-3
0-3

0-3
	0-15
0, 1, 4, 5
12, 13, 14, 15

12, 13, 14, 15
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