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1. Introduction
The following working assumption was adopted in RAN1#72 (based on [1]) for the Further DL MIMO enhancements work item for codebook enhancements.

Working Assumptions:

· A new aperiodic PUSCH feedback mode is supported in Rel.12 with following feedback

· CQI and rank feedback bit size as in PUSCH Mode 3-1 in Rel 10

· A wideband PMI 
· 2 Tx: 0 bit
· 4 Tx: FFS with the consideration of codebook enhancement in Rel. 12 not excluding 0 bit wideband PMI
· 8 Tx: 4/4/2/2/2/2/2/0 bits for rank 1-8 respectively 
· Per subband PMI(s)
· 2Tx: 2/1 bits for rank 1 – 2
· 4Tx: FFS with the consideration of codebook enhancement in Rel.12
· 8Tx: 4/4/4/3/0/0/0/0 bits  for rank 1 – 8 respectively
· Use Rel 10 W=W1W2 codebook structure for 4 antenna feedback for DMRS based TMs

· The following are for further study and evaluation:

· Subband size

· Detailed W1 and W2 structures, e.g. W1 corresponds to a long term and/or wideband channel properties and W2 corresponds to  a short-term and narrowband channel
· Additional information in the CSI reports for this new feedbsack mode

· For example CSI feedback enhancements targeted at improving MU performance 

(Note that the current Rel-10 4tx codebook has W=W1W2 structure). 

In this contribution, we propose an enhancement for the 4Tx codebook for rank-1 and rank-2 based on the existing design using linear extensions to the codebook elements. In an updated version of this document, we plan to submit simulation results for these enhancements. For rank-3 and rank-4 feedback, it is proposed that Rel-8 is re-used.
2. Proposal for rank-1 PMI feedback

For rank-1 transmission, the codebook proposal is given by the following.  The set of precoders are denoted by a set of 64 vectors 
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, each of length 4.  The first 16 precoders of the codebook are given by the 16 Rel-8 precoding matrices, 
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are defined in Table 6.3.4.2.3-2 of TS 36.211.  
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 is given by Table 6.3.4.2.3-2 of TS 36.211. The remaining 48 precoders are the set of all possible precoders of the form
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where 
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.  We can choose a fixed value for 
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equal to 0.8).  The intention here is for the UE to first choose the best Rel-8 precoder  within the existing set of 16 rank-1 precoders 
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, and then to determine if this best Rel-8 precoder (with codebook index 
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) can be improved by linear combination with any one of the column vectors (scaled by  
[image: image17.wmf]a

) 
[image: image18.wmf](

)

2

i

W

, 
[image: image19.wmf](

)

3

i

W

, and 
[image: image20.wmf](

)

4

i

W

.  With this codebook structure, the UE processing can be simplified into two steps:

Step 1. UE selects the best 
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from a set of 16 candidates 

Step 2. UE selects the best 
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is the null vector conditioned on already selected best 
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This way, the UE is able to select the pair 
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based on evaluating an SINR (or CQI) metric over a total of 19 candidates (as opposed to  16 candidates in Rel-8 for rank-1 feedback). The last three candidates are linear combinations of Rel-8 rank-1 precoding vectors that depend on the selected 
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The four candidates in Step 1 and Step 2 above can be written as
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where only one 
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and equal to zero otherwise. Clearly, the precoding vector 
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complies to the W1W2 product form as per the working assumption from RAN1#72 where W1 corresponds to wideband PMI and W2 corresponds to subband PMI. We denote this as Proposal 1 where the W1 feedback comprises selecting a PMI from a codebook of size 16, and W2 feedback comprises selecting a PMI from a codebook of size 4. In other words, 4 bits are necessary for W1 and 2 bits necessary for W2. 
Alternatively, we can decompose the precoding vector obtained by linear extension as
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such that 
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. We denote this second approach as Proposal 2 where W2 feedback comprises selecting a PMI from a codebook of size 64. In other words, 6 bits are necessary for W2. 
There are two alternatives for selecting 
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Alternative 1: Fixed 
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The optimal value for 
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can be determined based on system simulations. We propose a value of 
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Alternative 2: Variable 
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For this alternative, larger codebooks must be considered. For example, the codebook can be expanded by increasing the alphabet for 
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from the single value of 0.8 to a set of values such as 
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 is K, the size of the codebook is given by 
[image: image43.wmf]16(13)

K

×+

, and the number of candidate precoders that must be evaluated by the UE is 
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We propose to use fixed 
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for RAN1 evaluations.

3. Proposal for rank-2 PMI feedback

The existing rank-2 codebook for four transmit antennas is specified in the column for 
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 layers of TS 36.211 Table 6.3.4.2.3-2.  The codebook consists of a total of sixteen 4 x 2 matrices.  For rank-2 transmissions, we propose that the size of this codebook be expanded from 16 to 48 in the following manner. 

We begin by including the 16 rank-2 codebooks from TS 36.211 Table 6.3.4.2.3-2.  This is done by beginning with the 16 matrices 
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 defined in TS 36.211 Sec. 6.3.4.2. We then define the following three 4x4 permutation matrices.  The first of these permutation matrices P1 is the identity matrix.  The second permutation matrix P2 exchanges the second and third columns and is given by 
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The third permutation matrix P3 exchanges the second and fourth columns and is given by
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We now let 
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 denote the rank-2 precoding matrix corresponding to the codebook index i in Table 6.3.4.2.3-2. With the above permutation matrices, the Release-8 codebook can be expressed as
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 is given in Table 1. Note that there is a one-to-one correspondence between the permutation matrix selected by 
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 selected for the rank 2 codebook in the second column of TS 36.211 Table 6.3.4.2.3-2. For example, 
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	i =
	m(i)

	0
	3

	1
	1

	2
	1

	3
	1

	4
	3

	5
	3

	6
	2

	7
	2

	8
	1

	9
	3

	10
	2

	11
	2

	12
	1

	13
	2

	14
	2

	15
	1


Table 1. Permutation matrix index mapping m(i) 

We then extend the codebook from 16 to 48 by defining
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and
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In the enhanced codebook, the triplet 
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 corresponds to the original codebook and its linear extensions (e.g., 
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Similarly to the rank-1 case, the intention here is for the UE to first choose the best Rel-8 precoder  within the existing set of 16 rank-2 precoders 
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, and then to determine if this best Rel-8 precoder (with codebook index 
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) can be improved by linear combinations with the unused column vectors (scaled by  
[image: image72.wmf]a

) of 
[image: image73.wmf]i

W

.  With this method, the UE only needs to evaluate a total of 18 rank-2 candidate precoders which includes first selecting a precoder from the set of 16 existing Rel-8 rank-2 precoders 
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4. Proposal for rank-3/4 PMI feedback

For rank-3 and rank-4 PMI feedback, Rel-8 codebook can be re-used in Rel-12 given that it is unclear whether there is a system-wide benefit from codebook enhancements.
Proposal: For 4 Tx feedback in Rel-12, Rel-8 codebook is used for rank-3 and rank-4.
5. Evaluation results for 4 Tx codebook proposals
The codebook proposals submitted on the RAN1 reflector can be categorized into four groups:

Group 1. Block-diagonal W1 with beam selection and co-phasing based on W2. This includes proposals from Qualcomm [16], Renesas [5], Samsung [8], Ericsson [4], etc. 
Group 2. Diagonal W1 such as from CATT [7], NPC [9], etc. where W1 = diag(v), v = beamforming vector corresponding to a single AoD and W2 = phasing vector

Group 3. Antenna selection design such as from Huawei, HiSilicon [10] where W2 is a DFT phasing vector.
Group 4. Designs that include Rel-8 Householder matrices in the codebook. This includes proposals from Intel [15], Motorola [17], etc.
A subset of these proposals were simulated based on the baseline simulation assumptions in [3]. Further details on the simulation assumptions are provided in the Annex. Both PUSCH 3-1 and PUSCH 3-2 feedback modes were simulated. Table 1 below captures the cell average throughput and cell-edge user throughput results relative to PUSCH 3-1 using Rel-8 codebook.
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Rel-8 CB 100.00% 100.00% 100.39% 101.79%

Motorola - Proposal 1 100.39% 102.98% 100.43% 104.17%

Motorola - Proposal 2 100.38% 103.57% 100.40% 104.76%

ALU 103.27% 102.38% 103.56% 103.57%

Ericsson 100.43% 101.79% 100.49% 102.38%

Renesas 100.37% 101.19% 100.44% 101.79%

PUSCH 3-1 PUSCH 3-2


Table 1. Cell average and cell-edge user (5%-tile) spectral efficiency for different schemes relative to Rel-8 CB
There is 0.4-3.3 % gains in cell average normalized throughput with PUSCH 3-1 feedback and 0.4-3.6 % gains with PUSCH 3-2. The improvement in cell-edge normalized throughput is in the range 1.2-3.6% with PUSCH 3-1 and in the range 1.8-4.8% with PUSCH 3-2. Motorola proposals provide the best cell-edge gains. The ALU proposal [6] provides the best cell average throughput gains although with a larger feedback overhead. Table 2 summarizes the W1/W2 feedback bits and the PMI feedback overhead applicable to the PUSCH 3-2 mode for these proposals. Motorola Proposal 1 has a PMI feedback overhead that is almost the same as that for the Ericsson [4] proposal.
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Rel-8 CB - 4 36

Motorola - Proposal 1 4 2 22

Motorola - Proposal 2 - 6 54

ALU 4 4 40

Ericsson 3 2 21

Renesas 4 4 40

PUSCH 3-2 type feedback


Table 2. Feedback overheard for different schemes
Observation 1: Motorola Proposal 1 and Motorola Proposal 2 provide the best cell-edge 5%-tile UE spectral efficiency gains.

Observation 2: Motorola Proposal 1 comprises 4-bit W1 feedback and 2-bit W2 feedback. The CSI feedback overhead ranks towards the lower end among the codebook proposals while still yielding ~4.2% cell-edge normalized throughput gains. 
6. Conclusions
In this contribution, we proposed an enhanced codebook structure based on the application of linear combinations to the columns from the Householder matrices (i.e., column space of Rel-8 4 Tx rank-4 codebook). We evaluated this proposal together with several other dual-codebook proposals and observed that even the low overhead variant of the proposal (Proposal 1 has 4-bit W1 feedback and 2-bit W2 feedback) results in the largest cell-edge (5%-tile) UE throughput among the candidates that were simulated. 
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8. Annex – Simulation Assumptions

Further details on the simulation assumptions are captured in Table A-1 below.
	Parameter
	Value

	Network Layout
	57-cell grid

	Scenario
	Scenario A from [3] which uses the TR 36.819 Scenario 3/4 macro-only part with UMa channel and a UE speed of 3 kmph

	UE indoor/outdoor drop ratio
	80% indoor users, 20% outdoor users

	CSI feedback mode
	PUSCH 3-1 and PUSCH 3-2

	Feedback periodicity and delay
	5 ms and 6 ms respectively

	Channel Bandwidth and carrier frequency
	10 MHz and 2 GHz respectively


Based station antenna ctenna Cation PUSCH 3-2ratio tion assumptions are captured in Table 1 below.

	are necessary for W1 and 2 bits necesary 









onfiguration
	4 Tx comprising two closely separated X-pol elements with (+45, -45) deg slant


	UE antenna configuration
	2 Tx comprising X-pol elements with (0, 90) deg slant

	UE Receiver
	MMSE + IRC

	CQI feedback
	Realistic 4 bit MCS feedback

	PDCCH decoding 
	Ideal

	Scheduler
	PF + Hybrid SU/MU-MIMO dynamic switching

	MU-MIMO Scheduling
	ZF + Greedy user selection

	Traffic Model
	Full Buffer


Table A-1: Simulation assumptions
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