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1 Introduction

The double-codebook based implicit feedback framework was agreed for Rel-10 in RAN1#60 [1]. Additional refinements on the feedback framework were agreed in RAN1#60Bis [2], and directions on the feedback signaling in aperiodic PUSCH and periodic PUCCH were agreed in RAN1#61 [3]. In RAN1#61, the chairman noted that it is FFS whether matrix multiplication in first bullet means 
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In this contribution, we summarize and show promising results for the previously proposed rotation-based differential feedback double codebook extension of Rel-8 type of feedback, which can be used for performance improvement or overhead reduction for SU/MU-MIMO. The double codebook uses the structure 
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 and in an accompanying contribution [8] we investigate the performance of the alternative structure
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. Both the double codebook discussed in this contribution and in [8] are codebook extensions that reuse the Rel.8 codebook in one of the two matrix components. 
Furthermore, the exact PUCCH and PUSCH feedback mechanisms for supporting this double codebook is discussed together with the related PMI search complexity.
2 Rotation-based differential feedback
The double codebook with rotation-based differential feedback was proposed in [4, 5, 6] with link level performance evaluation. It is a differential feedback scheme in the frequency domain, where a diagonal matrix rotates a wideband precoder at the subband level. The details of the codebook are summarized again below.

The precoding matrix recommended by the UE is W = W2W1, where
· W1 is wideband, from the Rel-8 4Tx codebook
· W2 is subband, and a diagonal matrix
The codebook for W2 is given in Table 1. 

Table 1. Differential codebook for W2
	Index
	Differential precoding matrix W2
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3 Discussion on Feedback
Decision on the reporting mechanism for W1 and W2 is related to the wideband and subband nature of the CSI carried in W1 and W2, if such distinction is to be made. It is recognized that fitting the wideband matrix index and the subband matrix index in the same PUCCH report may be difficult if we aim for a higher resolution codebook than Rel-8. Looking at separate reports for the wideband matrix index and the subband matrix index makes sense, considering the intrinsic longer-term statistical nature of the channel state information carried in the wideband matrix, relatively to the subband matrix.

Details of the feedback mechanism involve decisions on whether to support periodic PUCCH and/or aperiodic PUSCH reports, and whether these reports should be self-contained and/or separate reports. Such decisions have impact on the performance, overhead and PMI search complexity, as well as on the standardization efforts. In this section, we share our views on these issues.
The double codebook framework poses new challenges to the design of the feedback mechanisms for closed-loop MIMO. The separation of the PMI into two indices requires a new design for the feedback of these two indices. Even though the primary intent of the separation is to take advantage of the physical properties of the channel to improve the granularity of the precoder in a computationally efficient manner, the same physical properties can be exploited to additionally design spectrally efficient feedback mechanisms.

3.1 Feedback reporting period
The design of the feedback mechanism intends primarily to provide an efficient quantization of the channel state information in the space, time and frequency domains. The granularity of the quantization is traditionally captured in the codebook for the spatial domain, in the subband size for the frequency domain, and in the feedback period for the time domain. Such design should avoid redundant reports. A typical example of such requirement is in the configurable reporting period of the PMI, which is adjusted according to the UE velocity. It would obviously not be desirable to report the PMI too frequently relatively to the rate of channel variations. As such, it is natural to define different reporting periods for long-term and short-terms statistics of the CSI, as long as the coherence time of these statistics are different. Additionally, reporting of long-term and short-term CSI with different periods may result in computational savings at the UE and eNodeB. Based on the observation that CSI redundancy should be avoided in feedback reports, we would prefer that in case of periodic reporting in PUCCH, the long-term W1 reports and the short-term W2 reports can be configured to different periods for 4Tx enhanced feedback (periodic PUCCH CSI mode 1 in [3]).
3.2 PMI search procedure
When W1 and W2 are wideband and subband, respectively, and the subband size is smaller than the wideband size, it is natural to first optimize W1 and then optimize W2 on each subband, since W1 represents a wideband precoder by itself in the proposed differential double codebook. Since a wideband CQI is reported along with W1, it is natural to optimize W1 by maximizing the wideband CQI. Note that this procedure reuses the wideband PMI search of Rel-8 for W1, thus only the search for W2 conditioned on a given W1 is needed as a new implementation at the UE. This hierarchical search procedure is described in the steps below:

Hierarchical search: extension of Rel-8 wideband PMI search


Step 1: Rel-8 wideband PMI search  
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Step 2: on subband s, find the optimal 
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
Step 3: feedback the double index {nopt,kopt(s)} for subband s.
An alternative would be to jointly optimize W1 and W2, in which case W1 may no longer be the optimal wideband precoder, but the post-processing SNR can be optimized in each subband based on a common wideband W1. Note that this may still not give the optimal subband W2W1 precoder on each subband, due to the constraint that W1 is wideband. The complexity of this search is higher than the hierarchical search. This exhaustive search procedure is described in the steps below:
Exhaustive search: optimal search with wideband W1

Step 1: wideband PMI search 
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where the metric for a given 
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 precoder on subband s could be the post-processing SNR, and f is the PHY abstraction that extracts a wideband measure out of all the subband metrics.


Step 2: on subband s, find the optimal 
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
Step 3: feedback the double index {nopt,kopt(s)} for subband s.

For reports in the PUSCH, the exhaustive search may be performed, since the wideband W1 and subband W2 for all subbands are reported simultaneously. The UE may still implement the hierarchical search in order to reduce its complexity.
For reports in the PUCCH, since W1 and W2 would be reported in different subframes, it is more natural to reuse the wideband PMI search of Rel-8, and then possibly optimize W2 considering the different reporting times of W2 for each bandwidth part, in order to reduce the mismatch due to feedback delay.
Tables 2 and 3 show the system simulation results with 4 co-polarized and 4 cross-polarized antennas at the eNodeB, respectively, with half-wavelength spacing. Multiuser MIMO transmission with 1 layer per UE was simulated with feedback rank adaptation. Spectral efficiency gains are shown with respect to Rel-8 PUCCH mode 2-1 and PUSCH mode 2-2. With PUCCH reporting, gains in cell average spectral efficiency range from 8.1% with cross-polarized antennas to 15.3% with co-polarized antennas. With PUSCH reporting, gains in cell average spectral efficiency range from 17.95% with cross-polarized antennas to 22.1% with co-polarized antennas. It can also be seen that there is only a minimal difference in performance between the exhaustive PMI search and the hierarchical PMI search. It can be observed that the increased resolution of the double codebook allows to take advantage of subband PMI feedback, whereas only a small gain could be observed by using the Rel-8 codebook for subband PMI.
For the simulations, the following new reporting modes for Rel-10 feedback were considered:

· New PUCCH mode 2-2: based on PUCCH reporting mode 2-1, where the matrix index for W2 was added in the subband CQI report.

· New PUSCH mode 3-2: aperiodic feedback of the first and second matrix indices in the same report, including subband PMI and subband CQI for each subband, and all subbands are reported.

Table 2. Performance gain with respect to R8 codebook for co-pol 4Tx and x-pol 2Rx antenna configuration (||||->+ channel)
	Reporting mode
	Codebook and PMI selection
	cell average spectral efficiency(b/s/Hz)
	5% cell edge spectral efficiency(b/s/Hz)

	Rel-8 PUCCH mode 2-1
	R8 codebook (reference)
	2.74
	0.089

	New PUCCH mode 2-2
	DC(hierarchical search)
	3.16 (15.3%)
	0.102 (14.6%)

	
	DC(exhaustive search)
	3.14 (14.6%)
	0.100 (12.4%)

	Rel-8 PUSCH mode 2-2

(best-M subbands)
	R8 codebook (reference)
	3.07
	0.105

	New PUSCH mode 3-2
(full subband report with subband PMI)
	R8 codebook
	3.17 (3.26%)
	0.106 (0.95%)

	
	DC(hierarchical search)
	3.75 (22.1%)
	0.125 (19.0%)

	
	DC(exhaustive search)
	3.75 (22.1%)
	0.124 (18.1%)


Table 3. Performance gain with respect to R8 codebook for x-pol 4Tx and x-pol 2Rx antenna configuration (xx->+ channel)
	Reporting mode
	Codebook and PMI selection
	cell average spectral efficiency(b/s/Hz)
	5% cell edge spectral efficiency(b/s/Hz)

	Rel-8 PUCCH mode 2-1
	R8 codebook (reference)
	2.09
	0.070

	New PUCCH mode 2-2
	DC(hierarchical search)
	2.26 (8.1%)
	0.076 (8.6%)

	
	DC(exhaustive search)
	2.26 (8.1%)
	0.076 (8.6%)

	Rel-8 PUSCH mode 2-2

(best-M subbands)
	R8 codebook (reference)
	2.34
	0.095

	New PUSCH mode 3-2
(full subband report with subband PMI)
	R8 codebook
	2.49 (6.41%)
	0.099 (4.21%)

	
	DC(hierarchical search)
	2.76 (17.95%)
	0.103 (8.42%)

	
	DC(exhaustive search)
	2.77 (18.38%)
	0.104 (9.47%)


Note that similar gains have been shown with the W1.W2 structure based on the adaptive codebook in [8], where W2 reuses the Rel-8 codebook. It is thus expected that considerable performance improvements of the Rel-8 4Tx feedback can be achieved by reusing the Rel-8 codebook for either W1 or W2. 
Based on the gains observed in the simulations, we propose for Rel-10 4Tx feedback:

· Proposal 1: feedback enhancements for the 4Tx codebook should be introduced in Rel-10
· Proposal 2: the codebook for W1 or the codebook for W2 should be the Rel-8 codebook
4 Reporting procedure in PUCCH
The proposed enhancement of Rel-8 PMI feedback in PUCCH is about reporting an additional subband PMI based on the same wideband PMI as in Rel-8. This guarantees a performance improvement since only wideband PMI can be reported in PUCCH in Rel-8. We discuss several PUCCH reporting procedures that strike a trade-off between the performance and the feedback overhead and coverage. 
We first note that the feedback overhead in Rel-8 reporting mode 2-1 is unbalanced, potentially leading to error propagation since the wideband PMI reports are larger than the subband CQI reports, and the CQI reports are implicitly based on the reported wideband PMI. The maximum subband report size is based on 2 bits of subband index, since a bandwidth part contains at most 4 subbands. The overhead is shown below:

· 1 layer: RI (2 bits), wideband PMI reports (8 bits), subband CQI reports (max 6 bits)

· 2 layers: RI (2 bits), wideband PMI reports (11 bits), subband CQI reports (max 9 bits)

There are several possible solutions to cope with this problem. Simultaneous transmission of the first index with every report of the second index would remove the problem of error propagation but increase the PUCCH report size. It would lead to inefficiency in the feedback overhead and in the computation complexity. This can be an acceptable solution for aperiodic reports carried in the PUSCH. Alternatively, HARQ could be provided on the transmission of the first index. This feature, however, would require considerable re-design of the current specifications for the PUCCH, and it could lead to a possible mismatch between overall PMI assumed by UE and overall PMI assumed by eNodeB. A third alternative is to keep separate reports for the first and second matrix indices, with a more robust FEC encoding rate for the report of the first matrix index. Based on the above observation that the RI, wideband and subband reports are unbalanced in Rel-8 with the wideband reports being the largest and the RI reports being the smallest, we suggest to move some of the bits of the wideband PMI to the RI reports.
· Proposal 3: some of the bits of the index of W1 may be reported with RI in Rel-10.
Increasing the feedback overhead of the subband reports while not exceeding the overhead of the wideband reports would have minimal impact on the error propagation and would therefore not significantly reduce the coverage of the PUCCH reporting mode 2-1. We thus propose to define a new PUCCH reporting mode 3-2 with multiple PMIs. Several reporting options are possible, as shown in Table 4.

Table 4. Options for PUCCH reporting mode for double codebook feedback with 4Tx

	
	Option 1
	Option 2
	Option 3
	Option 4

	RI reports
	Rank (2 bits) 
	Rank (2 bits)

Indication of sub-mode 1 or sub-mode 2 (1 bit)
	Rank (2 bits)

Indication of W1 subset (e.g. 1 bit)
	As in option 1, 2 or 3.

	
	Size : 2 bits
	Size : 3 bits
	Size : 3 bits
	

	Wideband reports
	W1 (4 bits)
Wideband CQI(s)
	W1 (4 bits)
Wideband CQI(s)
	W1 (e.g. 3 bits)
Wideband CQI(s)
	As in option 1, 2 or 3.

	
	Message size:

1 layer: 8 bits

2 layers: 11 bits
	Message size:

1 layer: 8 bits

2 layers: 11 bits
	Message size:

1 layer: 7 bits
2 layers: 10 bits
	

	Subband reports
	W2 (2 bits)

Subband CQI(s)

Subband label L
	Sub-mode 1: W2=I (not reported, fallback to Rel-8 mode 2-1)

Sub-mode 2: W2 (2 bits)

Subband CQI(s)

Subband label L
	W2 (2 bits)

Subband CQI(s)

Subband label L
	As in option 1, 2 or 3.

Subband label (2 bits) replaced by W2 (2 bits), and subband size becomes equal to bandwidth part

	
	Message size:

1 layer: 8 bits

2 layers: 11 bits
	Message size:

1 layer: 6 or 9 bits

2 layers: 9 or 11 bits
	Message size:

1 layer: 8 bits

2 layers: 11 bits
	Message size:

1 layer: 6 bits

2 layers: 9bits


Option 1 is a straightforward extension of Rel-8 PUCCH reporting mode 2-1.

Option 2 contains option 1 as a special case, and offers the advantage of falling back to Rel-8 mode 2-1. The increase of RI reporting size from 2 to 3 will be supported in Rel-10 for 8Tx, thus Rel-10 UEs only need to support one new size of RI reports for Rel-10 downlink transmission modes.
Option 3 offers a reduction of the feedback overhead of the wideband report compared to Rel-8 PUCCH reporting mode 2-1, thus increasing the coverage of closed-loop MIMO in Rel-10, especially in the case of a single layer transmission. Thanks to the nature of the Rel-8 4Tx codebook, the UE may simply indicate a subset of the PMIs corresponding to either a single-polarized of cross-polarized deployment of the antennas at the eNodeB, as proposed in [9]. Load balancing between RI and wideband reports is achieved by taking advantage of the RI report size increase by 1 bit, noting that the size of RI reports should be increased to at least 3 bits in Rel-10. The most significant bit of W1 is put in the RI report, while the size of the wideband reports is decreased to offer a better protection than the subband reports.
Option 4 offers the benefits of option 1, 2 or 3, with the additional benefit of not decreasing the coverage of the subband reports compared to Rel-8 PUCCH reporting mode 2-1. The subband size is increased in cases where the bandwidth part contains more than one Rel-8 subband. While this increase may be compensated for by the availability of the subband (i.e. bandwidth part) PMI, which is not available in Rel-8 with PUCCH reports where only the wideband PMI is reported, further studies are needed to confirm the benefits of this option.
5 Conclusion

In this contribution, rotation-based differential feedback is shown to be an elegant extension of Rel-8 type of feedback motivated by system level simulation results. We discussed the implications of reporting W1 and W2 with the same or different periods when W1 and W2 carry long-term and short-term statistics of the channel state information, respectively. We discussed several PUCCH reporting modes with subband PMI.
Based on the discussion and the gains observed in the simulations, we propose for Rel-10 4Tx feedback:

· Proposal 1: feedback enhancements for the 4Tx codebook should be introduced in Rel-10
· Proposal 2: the codebook for W1 or the codebook for W2 should be the Rel-8 codebook
· Proposal 3: some of the bits of W1 may be reported with RI
In addition, for Rel-10 4Tx feedback we propose to adopt at least:
· Proposal 4: the double codebook based differential feedback
· the precoding matrix recommended by the UE is W = W2W1
· W1 is wideband, from the Rel-8 4Tx codebook
· W2 is subband, a diagonal matrix from the codebook shown below
	Index
	Differential precoding matrix W2
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· Proposal 5: aperiodic reports of the first and second matrix indices in the same report with a new PUSCH reporting mode 3-2 with full subband feedback including subband PMI and subband CQI
· Proposal 6: a new periodic PUCCH reporting mode 2-2
· RI reports: rank indication + subset of W1 (1 bit)

· Wideband reports: subset of W1 (remaining 3 bits) + Wideband CQI(s)
· Subband reports: W2 (2 bits) + Subband CQI(s) + Subband label L
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 Appendix A simulation assumptions
The Simulation assumptions are inline with the agreed WF in [7].
Table A.1 Simulation assumption
	Channel models
	3GPP Case 1 Spatial Channel Model Extended (SCME)

	Central Frequency
	2GHz

	Fading Scenario
	Urban Macro

	Antenna configuration
	4 Tx at eNodeB with 0.5 lambda spacing

Co-polarized: Vertically polarized antennas

Cross-polarized: +/- 45 degrees

	
	2Rx at UE with 0.5 lambda spacing

Cross-polarized: +90/0 degrees

	
	ideal antenna calibration
3D antenna pattern, with 15 degrees down-tilt

	Sample density
	15.36M sample/second

	UE Speed
	3km/h

	System Bandwidth
	10 MHz

	FFT length
	1024

	Subband size
	6RBs for PUCCH reporting mode
3RBs for PUCCH reporting mode

	scheduler
	PF

	Number of UEs per cell
	10

	MU-MIMO 

precoding technique
	Zero-forcing beamfoming with maximum 4 layers
One layer for each co-scheduled UE
Rank overriding based on CQI if rank > 1 for each UE

	MCS
	according to transport formats in LTE R8

	Channel estimation
	Non-ideal

	Receiver
	MMSE receiver

	Hybrid ARQ
	Maximum 4 transmission

	Subband CQI feedback
	according to CQI Table in LTE R8

power adjustment for MU-MIMO

	Feedback Delay
	4ms

	Feedback 
	Under the assumption of SU –MIMO transmission with rank adaptation

CQI measurement error: N(0,1dB) per half-PRB

	
	For PUCCH reporting mode:

CQI reporting period P = 5ms

Wideband PMI reporting period H = (J*K+1)*P and J = 3, K = 3.

	
	For PUSCH reporting mode:

One RI/PMI/CQI report per 5ms

	Overhead
	3 symbols for DL CCHs in the 4 normal subframes and 2 symbols for DL CCHs in the 6 MBSFN subframes; one port CRS in the 4 normal subframes and no CRS in the 6 MBSFN subframes; CSI-RS with muting (i.e., 4 REs/PRB/5ms×3 cell for 4 ports); DM-RS with 12 REs (for rank 1) per PRB.













































































� The importance of the order comes from the agreed notation that � EMBED Equation.3  ���is reported as wideband and/or long-term whereas � EMBED Equation.3  ��� is reported per subband and/or short-term. 
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