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1
Introduction
At RAN1#73 codebook proposals were discussed and agreement was reached to adopt one of two compromise solutions.  Both of the remaining codebooks consist of beam groups with widely-spaced beams, a choice that was motivated by improved robustness with respect to varying antenna spacing or potential time misalignment errors.  While this sacrifices some performance gain in deployments with closely-spaced antennas or without misalignment, the improved robustness was deemed more important by a majority of companies. 

Section 2 compares the remaining two codebooks and presents our views on which of the two should be adopted.  Section 3 addresses the issue of codebook subsampling for periodic feedback reporting.  Similar to 8Tx feedback reporting, PUCCH modes 1-1 and 2-1 require subsampling to reduce the PMI overhead in some cases. 
2
Codebook comparison for ranks 1 and 2
The majority of codebook proposals discussed at RAN1#73 can be classified in two distinct categories according to the composition of their beam groups.  One group of proposals consists of adjacent beams targeting closely-spaced antenna configurations whereas the other aims at a wider beam spacing that is more appropriate for widely-spaced antenna deployments.  The second category was adopted at the meeting, largely because it seemed to offer more robust gains in antenna configurations other than those with closely-spaced antennas (i.e., half-wavelength spacing).  
The remaining two codebook candidates, Alt-2a and Alt-2b, differ only in their design of the W2 codebook for rank 2.  They share the same W1 codebook and the same W2 codebook for rank 1.  Mathematically, they can be represented as follows [1]: 

W1 codebook (ranks 1 and 2): 
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(1)
W2 codebook for rank 1: 
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(2)
W2 codebook for Alt-2a and rank 2: 
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(3)
W2 codebook for Alt-2b and rank 2:
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(4)
Both proposals share similarities with the Rel-10 8Tx codebook.  For example, the block diagonal grid-of-beam structure and the size of the beam groups is carried over; however, the composition of the beam groups is based on widely-spaced beams with two pairs of orthogonal beams.  The similarities extend to the W2 codebook for rank-1 inasmuch the beam selection is concerned.  However, the new codebooks add an α factor that allows for a finer co-phasing granularity that is jointly encoded with the beam selection.  
The proposals differ in terms of their W2 design for rank 2.  Whereas Alt-2a is identical to the rank 2 8Tx codebook, codebook Alt-2b carries over half of the codebook entries and splits the remaining half into two components: one that selects different beams for the two polarizations and another that possesses different co-phasing choices. 
We have evaluated both codebooks through system-level evaluations.  Both closely and widely-spaced antenna deployments were considered in order to better understand the tradeoff between performance and robustness of the gains.  The results are shown in Tables 1 and 2, respectively. 
Table 1: Average performance gain (closely-spaced X-pol).

	Scheme
	UE throughput [Mbps]

	
	5%
	Median
	Mean

	Rel-8 codebook
	0.989
	1.998
	2.288

	Alt-2a
	1.033
	4.4%
	2.057
	3.0%
	2.371
	3.6%

	Alt-2b
	1.018
	3.0%
	2.071
	3.7%
	2.368
	3.5%


Table 2: Average performance gain (widely-spaced X-pol).
	Scheme
	UE throughput [Mbps]

	
	5%
	Median
	Mean

	Rel-8 codebook
	0.888
	1.872
	2.138

	Alt-2a
	0.894
	0.7%
	1.905
	1.8%
	2.184
	2.1%

	Alt-2b
	0.906
	2.1%
	1.894
	1.1%
	2.179
	1.9%


The results illustrate that both codebooks perform almost identically, which is not surprising thanks to their similarity.  In deciding between them, factors other than performance, such as standardization and implementation complexity, should therefore be taken into account.  In particular, Alt-2b appears more complex as the W2 precoders for rank-2 are split into three different structures (4).  In contrast, Alt-2a, has a unified structure of the W2 rank 2 codebook which is moreover aligned with the existing 8Tx codebook design.  In light of the similar performance, we therefore propose to adopt codebook 2a as the enhanced Rel-12 4Tx codebook.  

Proposal 1: 

· Adopt codebook Alt-2a as the enhanced Rel-12 4Tx codebook. 

3
Codebook subsampling for periodic CSI reporting

It has been agreed that the enhanced codebook will be supported in conjunction with periodic CSI feedback reporting.  In some cases this necessitates codebook subsampling in order to ensure that the total RI/PMI/CQI payload does not exceed a total of 11bits.  In the following, we address the cases where subsampling is needed and offer our views on how it should be performed. 
The ability to select a beam corresponding to any beam direction, after subsampling has been performed, is an important factor to consider.  For the 8Tx codebook, where adjacent W1 codebook entries overlap by 2 beams, this could be accomplished straightforwardly by retaining only every second codebook index.  As Table 3 shows, doing so only removes the overlap between beam groups. 
The enhanced codebook, also shown in Table 3, does not have this property inasmuch as selecting every second codebook entry would make it impossible to select certain beam directions.  However, selecting the first half of codebook entries preserves the possibility of selecting any of the 32 beams in the codebook.  Clearly, this motivates a different subsampling compared to the 8Tx codebook. 
Table 3: Beam group composition for codebook types 2a/2b vs. the 8Tx codebook.

	Scheme
	W1 codebook index i1

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

	Codebooks 2a/2b
	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

	8Tx codebook
	0
	2
	4
	6
	8
	10
	12
	14
	16
	18
	20
	22
	24
	26
	28
	30

	
	1
	3
	5
	7
	9
	11
	13
	15
	17
	19
	21
	23
	25
	27
	29
	31

	
	2
	4
	6
	8
	10
	12
	14
	16
	18
	20
	22
	24
	26
	28
	30
	0

	
	3
	5
	7
	9
	11
	13
	15
	17
	19
	21
	23
	25
	27
	29
	31
	1


3.1
PUCCH Mode 1-1 Submode 1

In this reporting mode, W1 is reported together with the RI as a Type 5 report.  For the 8Tx case, codebook subsampling is performed to remove redundant precoders from the W1 codebook.  A similar approach would be possible for the enhanced codebook as well, although differences in the W2 codebook (i.e., the α-offsets in (2)) lead to different overall precoders between beam groups that contain the same set of beams but with a different ordering (e.g., entries 0 and 8 in Table 3).  
In light of this, it should be considered carefully whether subsampling is needed.  In our view, it is beneficial to avoid codebook subsampling as much as possible; however, it could be considered to the extent that it removes beam groups with the same set of beams.  This is illustrated in Table 4 which shows that the beam groups associated with first PMI index i1 and index i1+8 consist of precisely the same beams, though not in the same order.  
Alternatively, to avoid subsampling and fully use the enhanced codebook, codebook subset restriction may be employed in an implementation-specific way to achieve the benefit of improved reliability when needed.  While codebook subset restriction does not reduce the transmission payload itself, it leads to known bits at the network when decoding the UE’s CSI report.  This knowledge of a subset of bits can be exploited in the decoding process to detect the report more reliably, similar to the case of performing codebook subsampling.  
Proposal 2: 

· Avoid codebook subsampling for reporting type 5.  Instead, rely on implementation-specific codebook subset restriction as needed. 
Table 4: Beam group composition for codebook types 2a/2b vs. the 8Tx codebook. 
Green (gray) shade denotes selected (pruned) codebook entries. 

	Scheme
	W1 codebook index i1

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

	Beams per beam group
	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


3.2
PUCCH Mode 1-1 Submode 2

In this reporting mode, W1 and W2 are reported together as a Type 2c report.  Subsampling is unavoidable in this case but we think it is desirable to limit the amount of subsampling as much as possible.  Due to the increased CQI payload for ranks larger than one, the subsampling should depend on the transmission rank: 
· For rank 1, 7bits are available for carrying PMI (4bits are needed for the CQI).  A total of 3bits may be allocated to W1 by removing duplicate beam groups as shown in Table 4.  The remaining 4bits may be used for feeding back W2 without further subsampling. 
· For rank 2, 4bits are available for carrying PMI (7bits are needed for CQI and differential CQI).  These 4bits may be allocated in two ways: 
· Opt-1: 2bits are allocated to W1 which allows the selection of beam groups as shown in the upper half of Table 5.  The remaining 2bits are allocated to W2 wherein 1 of the 2bits selects either the first or third beam in the beam group and the other selects the co-phasing (e.g., either ‘0’ or ‘-1’). 
· Opt-2: 3bits are allocated to W1 which allows selecting the beam groups as shown in the bottom half of Table 5.  The remaining 1bit needs to perform beam selection of either the first or third beam in the beam group.  No co-phasing selection is possible with this alternative. 
The above schemes ensure that the codebook is uniformly subsampled across the 32 beams contained in the codebook.  

Table 5: Codebook subsampling for PUCCH 1-1, submode 2, reporting type 2c. 
Green (gray) shade denotes selected (pruned) codebook entries. 

	Scheme
	W1 codebook index i1

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

	Opt-1
	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

	Opt-2
	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


Proposal 3: 
· Adopt either Opt-1 or Opt-2 as the codebook subsampling for reporting type 2c. 

3.3
PUCCH Mode 2-1

3.3.1
Ranks 1 and 2

For this reporting mode, codebook subsampling is only required for reporting type 1a, which includes subband W2, subband CQI and the subband selection label.  The subsampling should again depend on the rank: 

· For rank 1, subsampling can be avoided entirely due to the comparatively smaller CQI payload (same as for 8Tx feedback reporting). 

· For rank 2, 2bits are available to carry the W2 PMI payload.  Similar to 8Tx feedback reporting, it seems natural to use these two bits for conveying the beam selection information.  For example, the subsampling scheme may select the pairs 
[image: image5.wmf])

,

(

1

1

e

e

, 
[image: image6.wmf])

,

(

2

2

e

e

, 
[image: image7.wmf])

,

(

3

3

e

e

, and 
[image: image8.wmf])

,

(

4

4

e

e

, all with the first co-phasing option of (3).  Note that the W2 codewords are common to both Alt-2a and Alt-2b codebooks, so this type of subsampling can be applied to both codebook types. 
3.3.2
Ranks 3 and 4

The Rel-12 4Tx codebook reuses the Rel-8 codewords for ranks 3 and 4.  Since subband precoding gain diminishes with increasing rank, our preference would have been to avoid subband PMI reporting altogether for ranks 3 and 4, in favor of supporting only wideband PMI.  That way, codebook subsampling of the Rel-8 codebook could have been avoided.  However, a working assumption was made at RAN1#73 in favor of such subband PMI reporting.  In light of this decision we present our view on potential codebook subsampling selections. 
As for ranks 1 and 2, the PMI payload needs to be reduced from 4bits to 2bits.  The Rel-8 4Tx codebook consists of several groups of codewords that target different antenna configurations.  As the focus of the enhanced Rel-12 codebook is on cross-polarized antenna configuration, it seems natural to retain the codewords that are aligned with this antenna configuration in the Rel-8 codebook.  In particular, one could retain the last 4 entries in the 4Tx codebook (i.e., entries 12-15) which correspond to this antenna configuration.  
Proposal 4: 

· For rank 1, no codebook subsampling is needed (as in the case for 8Tx reporting). 

· For rank 2, retain the entries corresponding to 
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, all with the first co-phasing option of (3). 
· For ranks 3 and 4, retain the last 4 entries in the Rel-8 codebook for PUCCH 2-1 reporting.  

4
Conclusions

In conclusion, we make the following proposals: 
Codebook selection

· Adopt codebook Alt-2a as the enhanced Rel-12 4Tx codebook. 

Codebook subsampling for PUCCH Mode 1-1 Submode 1
· Avoid codebook subsampling for reporting type 5.  Instead, rely on implementation-specific codebook subset restriction as needed. 
Codebook subsampling for PUCCH Mode 1-1 Submode 2

· Adopt either Opt-1 or Opt-2 as the codebook subsampling for reporting type 2c. 

Codebook subsampling for PUCCH Mode 2-1

· For rank 1, no codebook subsampling is needed (as in the case for 8Tx reporting). 

· For rank 2, retain the entries corresponding to 
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, all with the first co-phasing option of (3). 
· For ranks 3 and 4, retain the last 4 entries in the Rel-8 codebook for PUCCH 2-1 reporting.  
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A
Appendix

Table 6: Evaluation assumptions.

	Parameter
	Value

	Channel model (Scn-A)
	- Macro part of the ITU CoMP Scn-3/Scn-4 channel model as specified in TR36.819
- 100% of UEs located outdoors

	Bandwidth
	10MHz

	Traffic
	Full buffer

	Number of Tx/Rx antennas
	4Tx, 2Rx

	Antenna spacing
	closely-spaced: 0.5λ; widely-spaced: 4λ

	Transmission scheme
	SU/MU-MIMO with dynamic switching; rank-adaption considered for SU-MIMO

	Scheduler
	Proportional fair

	MU-MIMO pairing
	- Exhaustive search based on summed PF-metric

- Pairing 2UEs with rank-1 each

	Subband granularity
	6RBs

	Receiver type
	MMSE-IRC

	Overhead assumption
	- 2CRS ports, DM-RS, and 2 control symbols

- No MBSFN subframes
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