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1 Introduction
In meeting #60bis and#61, feedback frameworks [1],[10-11] were agreed which states that a precoder for a subband is a matrix multiplication of two matrices 
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 and 
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 and each of these two matrices belongs to separate codebooks C1 and C2  respectively where the first matrix targets wideband/long-term and the other frequency-selective/short term time channel properties. 
Furthermore, [10] states that the codebook can take the form to generate at least 16 rank 1 beams for co-polarized uniform linear arrays and at least 8 beams for each group of four co-polarized antennas in the closely spaced antenna setup (rank 1+2). 

Based on these discussion, we further discuss the details of the 8TX codebook and provide simulation results. 
2 Principles of codebook and feedback design up to rank 4
Our proposed codebook, which follows the RAN1 agreements can be found in Section 2.1 and complete details in the Appendix. Here follows a discussion on the detailed codebook and feedback design principles for eight antenna ports and for rank up to 4.
We suggest that
· The long term/wideband matrix 
[image: image3.wmf]1
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 has block diagonal structure
The codebook for eight antenna ports should utilize the fact that dual polarized antennas is the most likely antenna setup for this large number of transmit antennas. Hence, performing wideband and/or long term precoding for each of the two polarization separately and then co-phase the two polarizations is a promising approach. This motivates a block diagonal structure of 
[image: image4.wmf]1
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 where each block targets each polarization. Furthermore, to simplify implementation, the wideband precoding could be selected over each group (e.g. polarization) of four antennas individually so that the demands on the time alignment between RF branches is kept the same as in Rel.8 (within four antenna ports) and the linear phase shift induced by time misalignment between the two groups is captured in the short-term/subband feedback 
[image: image5.wmf]2
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. 
The agreements on 16 and 8 beams for ULA and dual polarized arrays ensure a good resolution with at least 2 times oversampling in the spatial (beam) domain. However, this requirement could imply a quite large codebook so we suggest that only when using PUSCH feedback this full spatial resolution is supported and for the lower payload feedback using PUCCH, we can strive for the following design principles:
· The rank 1 precoder feedback using PUCCH have reduced spatial granularity and should provide 8 beams per polarization for cross-polarized and co-polarized ULA eNB antenna setup, assuming closely spaced antenna elements.
· Assume wideband feedback in PUCCH

· Target reuse of Rel-8 precoder payload, i.e. 4 bits.

It is natural to use the reduced beam oversampling factor to 1 in the PUCCH feedback due to the limited number of payload bits available. This “reduced precoder” can be achieved by pre-defined codebook subset restrictions of the full codebook used in the PMI feedback over PUSCH.  

Finally, to simplify the computations in the eNB, it is desirable to keep the nested property
· Strive for a codebook 
[image: image6.wmf]W

having a nested property. 
2.1 Codebook and feedback example
As mentioned above, the final, dual index precoding matrix is obtained by per subband co-phasing of the wideband precoding matrices for each polarization direction (or for each group of four antenna ports in case of ULA). As an example, the 6 bit rank-1 codebook used in PUSCH feedback may then be written as
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Where 
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 is a 3 bit, 4x1 vector, see Appendix, 
[image: image9.wmf]a

 is a 1 bit wideband phase alignment 
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 is a 1 bit narrowband (per subband) phase alignment. The diagonal matrix 
[image: image12.wmf]D

 is a rotation matrix used to obtain 16 DFT vectors for the ULA case and is taken from a 1 bit codebook
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This structure thus provides at least 16 DFT beams for both cross-polarized and ULA antenna setups. 
For PUCCH feedback, we use a subset of the codebook in (1), to make the spatial resolution coarser and to limit the feedback to 4 bits. This reduction in granularity is obtained by setting 
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 leaving only 8 DFT vectors (as per proper design of
[image: image15.wmf]A

) for both ULA and cross-polarized antenna setups and 
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since feedback is wideband. Hence, for 4 bit PUCCH feedback, we have the codebook structure 
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The structure described here for rank 1 case can also be extended up to rank R≤4 in PUSCH feedback by 
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(3)
and a similar reduction to a codebook subset as in (2) can be made for PUCCH feedback. See Appendix for more details.
3 Codebook for rank 5-8

Up to now, most discussions has been for rank 1-4 codebooks and due to the limited remaining time for this work item, we suggest the following guideline when designing rank 5-8 codebook:

· Reuse codebook design for rank 1-4 as much as possible in rank 5-8 design
This gives benefits in computation and allows for keeping a nested property between at least some of the codewords of different ranks. For instance, if we write the rank 4 codebook as
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We can extend it to rank R>4 as
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(4)
where A and B are taken from the same set of matrices (i.e. obtained from the codebook for 
[image: image21.wmf]1
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)  and selected such that the final precoding matrix 
[image: image22.wmf]W

 is unitary.
To keep feedback overhead within desired bounds, one may again have to reuse a restricted codebook 
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 when selecting A and B. 
4 Simulation Results
Single-User MIMO link level simulations in a 20 MHz bandwidth channel has been conducted to evaluate two 8 TX codebook designs having double codebook structure and a comparison is also made with a codebook for which 
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. Feedback using PUSCH is assumed and the precoder subband feedback granularity was 5 PRB. More simulations assumptions are given in Appendix A.2.
The three different designs are the codebook described in expression (3) in chapter 2.1 where the matrices are found in the appendix, the Ericsson Double codebook from [8] and the Huawei single codebook from [7].
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Figure 1 Relative user throughput gain, for Urban Macro channel with 8° angular spread. A 8x2 MIMO channel with dual polarized antennas having 0.5( antenna spacing at eNB was used. 
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Figure 2 Relative user throughput gain, for Urban Macro channel with 8° angular spread. A 8x2 MIMO channel with uniform linear array and co-polarized antennas having 0.5( antenna spacing at eNB and cross-polarized at UE was used. 
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Figure 3 Relative user throughput gain, for Urban Macro channel with 8° angular spread. A 8x4 MIMO channel with uniform linear array and co-polarized antennas having 0.5( antenna spacing at eNB and cross-polarized having 0.5( antenna spacing at UE was used. 
As can be seen in the figures above the double codebook structure provides for most cases performance gains over the single codebook structure for which 
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 even though the single codebook structure feeds back 4 bits per subband and thus have a large feedback overhead. By utilizing the double codebook structure, we not only get some performance gains, but reduce the feedback to almost 1/3 (in the 20 MHz system bandwidth case) of the single codebook feedback overhead, hence the feedback bits are more efficiently used. It is also seen in Figure 2 and 3 that also for ULA, the double codebook structure provides benefits over this single codebook structure. 

Table 2 below gives a summary of the precoder feedback overhead for the codebooks compared in this contribution when the system bandwidth is 20 MHz. 
	
	Bits per Matrix Index

(Rank1, Rank2)
	Reporting Type
	Total precoder report size in bits, per rank
(Rank1, Rank2)
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	Huawei Double Codebook
	(5,5)
	(2,1)
	wideband
	subband
	(31,18)

	Ericsson Double Codebook
	(4,4)
	(2,1)
	wideband
	subband
	(30,17)

	Single Codebook
	(0,0)
	(4,4)
	-
	subband
	(52,52)


Table 2: Comparison of report sizes for one aperiodic report on PUSCH where 
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 is reported as a wideband matrix and 
[image: image34.wmf]2
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is reported per subband . Table assumes 20 MHz system bandwidth.
5 Conclusion

We have discussed further details of the double codebook structure for the eight antenna eNB and the related feedback using PUCCH and PUSCH.  It has also been demonstrated by simulations how the double codebook provides a very efficient use of the feedback bits in the CQI report and still gives some improvements over a single matrix codebook. 

We thus have the following conclusions of up to rank 4 codebook design:
· The ordinary matrix product 
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 shall be assumed as the function between the two matrices in the double codebook structure. 

· The long term/wideband matrix 
[image: image36.wmf]1
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 has block diagonal structure
· The rank 1 precoder feedback using PUCCH have reduced spatial granularity and should provide at least 8 beams per polarization for cross-polarized and co-polarized ULA eNB antenna setup, assuming closely spaced antenna elements.. 
· Assume wideband feedback in PUCCH

· Target reuse of Rel-8 precoder payload, i.e. 4 bits.
· Strive for a codebook 
[image: image37.wmf]W

having a nested property. 
· Reuse codebook design for rank 1-4 as much as possible in rank 5-8 design
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Appendix

Table 2 Matrices in the codebook example.
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In which 
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 . Note that the nested property holds for this codebook.
The double codebook is the described as 
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Where the 4 bit codebook for Ab and 
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is given in Table 2 above, the 1 bit codebook for D is 
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For rank 1, the 2 bit codebook for 
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, which is reported per subband, is 
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 and for rank larger than 1, a 1 bit codebook is used for 
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	Index n
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A.1 Wideband 4 bit Rank 1-4 used for PUCCH feedback
In the PUCCH feedback, a subset of the codebook in (3) is used. The rank R=1,2,3 and 4 codebook is thus
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where the matrices are found in Table 1 above. 
A.2 Link simulation assumptions

System model
	Parameter
	Value

	System bandwidth
	20 MHz

	Channel Estimation
	Ideal

	Modulation and Coding rate
	AMC table from Rel.8 

	Channel Coding
	3GPP Turbo code

	Max number of HARQ retransmissions
	4

	Carrier Frequency
	2.0 GHz

	Channel Detection Algorithm
	MMSE

	CQI, PMI and Rank Feedback
	Error free

	Feedback granularity
	5 PRB

	Delay of feedback
	10 ms

	Number of drops
	2000

	Overhead
	3 control symbols (PDCCH,PCFICH and PHICH)

Reference signals for 4 LTE Rel-8 antenna ports

Reference signals for 1-4 LTE Rel-10 antenna ports (rank dependent)


Channel model

	Channel model
	SCME, Urban Macro with 8° angular spread

	UE_speed
	 3km/h

	Antenna element model
	Eight dual polarized (+45°,-45°) at eNB with antenna numbering {1234} for +45° and {5678} for -45°
Two dual polarized at UE

	Antenna spacing 
	0.5 ( between co-polarized antennas at eNB
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