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1. Introduction
In current TR36.814 v2.0, the following conclusions were captured: 

· The baseline for feedback in support of downlink single-cell single-user spatial multiplexing is codebook-based precoding feedback.  

· Enhanced multi-user MIMO transmission is supported in LTE-Advanced. Basic principle of MU-MIMO in LTE-Advanced is that switching between SU- and MU-MIMO transmission is possible without RRC reconfiguration
Codebook design is part of the feedback design for supporting both SU and MU operation in Rel-10. With respect to the feedback framework as extension of Rel-8 feedback, the following was agreed in RAN1#60:
· Implicit feedback (PMI/RI/CQI) is used also for Rel-10

· UE spatial feedback for a subband represents a precoder (as constructed below)

· CQI computed based on the assumption that eNodeB uses a specific precoder (or precoders), as given by the feedback, on each subband within the CQI reference resource

· Note that a subband can correspond to the whole system bandwidth

· A precoder for a subband is composed of two matrices 

· The precoder structure is applied to all Tx antenna array configurations

· Each of the two matrices belong to a separate codebook

· The codebooks are for further study

· The codebooks are known (or synchronized) at both the eNodeB and UE

· Codebooks may or may not change/vary over time and/or different subbands

· That is, two codebook indices together determine the precoder

· One of the two matrices targets wideband and/or long-term channel properties 

· The other matrix targets frequency-selective and/or short-term channel properties

· Note that a matrix codebook in this context should be interpreted as a finite enumerated set of matrices that for each RB is known to both UE and eNodeB.

· Note that Rel-8 precoder feedback can be deemed as a special case of this structure

Even though 8-Tx codebook discussion can progress in parallel with MU feedback discussion by focusing on SU-MIMO with ranks 3 up to 8, it is important to treat codebook design and feedback design together in a single context, i.e., feedback support of dynamic SU/MU operation with per-UE rank-1 or 2 transmission, which is a much more useful and common scenario than rank>2 SU-MIMO. In this contribution, we share some general views on progressing the 8-Tx codebook design in the above agreed feedback framework. 
2. Codebook as Part of Feedback Design 
In case of CRS-based transmission in Rel-8 FDD, precoding codebook feedback represents the actual antenna weights applied at the eNB so that UE can construct the post-precoding channel for demodulation. However, with DRS being envisioned as the main reference symbols in both FDD and TDD in Rel-10, the role of codebook feedback shifts toward providing the eNB with the spatial knowledge in order to best support SU and MU operation (and CoMP if needed in the future). Firstly, the support of SU-MIMO should be ensured and uncompromised in any feedback design, as reiterated in the conclusion of RAN1#59bis:

· SU-MIMO is supported

· Release 8 type of feedback will be extended for 8 Tx antenna configurations
· CQI/RI are computed assuming that the reported codebook entry is interpreted as a recommended precoder by the eNB 

· Use of other types of feedback are not precluded

Secondly and more importantly, codebook design for 8-Tx is not just simply trying to provide a missing piece (i.e., 8-Tx support) for Rel-8 codebook, 8-Tx codebook is part of the feedback framework as described by the agreed key aspects below. The support of enhanced MU-MIMO with improved accuracy of spatial feedback and the support of dynamic SU/MU switching represent the key enhancements to Rel-8 that Rel-10 feedback design will try to enable.
· Enhanced MU-MIMO is supported (RAN1#59bis)
· The enhancements are in relation to feedback
· At least the feedback specified for SU-MIMO can also be applied for MU-MIMO operation
· Dynamic SU and MU switching without RRC reconfiguration (RAN1# 59): 
· Improved accuracy of spatial feedback should be supported if sufficient performance gains in realistic scenarios are demonstrated for at least MU-MIMO. (RAN1#59bis)
As eNBs migrate from 4-Tx to 8-Tx, the MU operation becomes more important than SU-MIMO because of the increased precoding gain and capability of supporting higher rank transmissions to co-scheduled UEs. MU-MIMO also results in higher system spectral efficiency. A list of SU/MU DL operations and their likely application scenarios are tabulated below, from which we can see that for UEs with 2-Rx, which will be the most likely UE antenna configuration, MU transmission with >2 total layers can be commonly encountered [11] in which case 2-Rx UE cannot effectively cancel any residual MU interference arised from imperfect MU precoding. Hence improved feedback accuracy to allow eNB to minimize MU interference becomes very important to enable these modes in practice. 
	DL Mode 
	Typical UE Configuration
	Typical eNB Configuration
	Scenarios

	SU (rank-1)
	2-Rx (ULA)
	2/4/8-Tx (ULA)
	LOS or very low post-precoding SNRs  

	
	2-Rx (X-pol)
	2/4/8-Tx (X-pol)
	Very low post-precoding SNR

	SU (rank-2)
	2-Rx (ULA)
	2/4/8-Tx (ULA)
	Rich scattering with moderate post-precoding SNR 

	
	2-Rx (X-pol)
	2/4/8-Tx (X-pol)
	Expected to be common with a low-to-moderate post-precoding SNR 

	MU (rank-1) up to 4-UE
	2-Rx (ULA)
	4/8-Tx (ULA)
	Expected to be common with moderate-to-high per-UE post-precoding SNR (more so for 8-Tx eNB)  
UE cannot help to suppress any MU interference once co-scheduled UEs >2  

	MU (rank-2) up to 2-UE
	2-Rx (X-pol)
	4/8-Tx (X-pol)
	Expected to be common with high per-UE post-precoding SNR (esp. with 8-Tx eNB) 

UE cannot help to suppress any MU interference 

	MU (rank-1&2 mixture)
	2-Rx (ULA, X-pol)
	4/8-Tx (ULA, X-pol)
	Expected to be common with high per-UE post-precoding SNR (esp. with 8-Tx eNB) 
UE cannot help to suppress any MU interference

	SU (rank -3/4)
	4-Rx (minimal requirement)
	4/8-Tx
	Limit to 4-Rx UEs

	SU (rank- 6~8)
	8-Rx (minimal requirement)
	8-Tx
	Limit to 8-Rx UEs


3. 8-Tx Codebook in Two-component Feedback Framework
In RAN1#60, it was agreed that the feedback can consist of two codebooks. A UE, when deriving a subband feedback, can assume that the precoder is constructed from two matrices selected from two separate codebooks, with one matrix targeting wideband and/or long-term channel properties and the other matrix targeting frequency-selective and/or short-term channel properties. 
In [13], we described a multi-component feedback framework that consists of these elements:

· UE can assume the precoder being constructed from two components, each being represented in the form of a “codebook” (i.e., a finite enumerated set of matrices). Note that eNB often does not use the precoder feedback as it is, especially in MU operation. The definition of a corresponding precoder at a UE is useful mainly for defining an associated CQI at the UE.
· Specification that defines the relationship between the two components (i.e., how the precoder is constructed from the two components). 

· Configuration of reporting periodicity of each component, for example, to reflect that they are targeting long-term or short-term channel properties respectively. 
Some feedback proposals already fit into the two-component framework with main difference in component and relationship definition. Just as some examples: 

	Schemes
	Component #1
	Component #2
	Precoder/CQI Construction

	“Best companion” or “worse companion” [12]
	V1
	V2
	CQI derived with assumed pairing

	Adaptive codebook [5]
	Covariance matrix “R”
	PMI “V”
	normalized R1/2V

	Multi-granular precoder [2]
	V1
	V2
	V1V2  or V1
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	Kronecker Decomposition [10]
	R1
	R2
	Eigenvector of R= R1
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For 8-Tx codebook design, some 8-Tx codebooks proposed so far can indeed be represented by a two-component structure [1]

 REF _Ref258188296 \r \h 
[3]

 REF _Ref258188334 \r \h 
[7]

 REF _Ref258188337 \r \h 
[8], even though many do not exactly use such a structure.

Cross-polarized antenna configuration

Cross-polarized antenna has been considered as the most likely 8-Tx configuration at eNB. X-pol antenna configuration naturally leads to a precoder that can be decomposed into two components – a 4-Tx codebook corresponding to the ULA structure and a 2-Tx codebook corresponding to the X-pol structure. In the case, the precoder can be constructed based on the Kronecker product.
The envisioned SU operation is that the same precoding is applied on the two sets of 4 co-polarized antennas. The effective channel after precoding will be on orthogonal polarization planes and thus naturally suited for rank-2 SU transmission, unless the post-percoding SNR is too low to support rank-2. For SU rank-2 transmission, the 2-Tx codebook feedback is not important at all. If SU rank-1 is preferred over rank-2 due to inadequate SNR, the 2-Tx codebook has some value because the two effective channels can be combined coherently in theory using a co-phasing suggestion from UE (conveyed in the 2-Tx codebook). However, a coarse representation of the combining factor of the two channels in each polarization dimension is often found to be adequate. Conceptually, in order to have any kind of coherent precoding gain when coherently weights the two antennas of different polarization, the two channel of different polarizations must have some “cross talk” during propagation, which is typically not that significant. In fact, imagine the extreme case of a 2-Tx X-pol antenna having LOS to a user, the transmission from vertical/horizontal polarization will be received by the X-pol 2-Rx antennas without any cross talk. It is impossible then to derive any precoding gain regardless of the 2-Tx antenna precoding applied in that LOS case.
In MU operation, it is expected that user separation still mainly relies on proper precoding from the 4 co-polarized antennas. It is generally difficult to rely on cross-pol antennas to separate users. As described earlier, in order to have any kind of coherent precoding gain (for user separation in this case), the two polarizations must have some “cross talk” during propagation, which is typically not that significant. 
Based on the discussion above, we suggest:

· Use a Kronecker structure for precoder construction for X-pol 8-Tx 

· For the 2-Tx component codebook targeting the X-pol antenna subset, use a simple characterization of the “interaction” between propagation in vertical and horizontal polarization 

· Focus on 4-Tx component codebook that targets the ULA subset of antennas. Ensure good accuracy  of the 4-Tx ULA component feedback for enhanced MU performance
For the 4-Tx codebook component targeting ULA, there are a few candidates:

· 4-bit Rel-8 codebook
· New 4-bit DFT-based codebook: Since we are designing codebook for ULA, the 8 DFT vectors in the Rel-8 rank-1 codebook are expected to be more useful than others. We can replace those 8 non-DFT vectors with more DFT-based vectors to increase the angular separation granularity.

· Increased-size DFT-based codebook (>4 bits): This could results in better angular separability at the cost of introducing larger constellation for each element. However, searching over a DFT-based codebook can be computationally inexpensive and efficient without resorting to exhaustive search.
· Element-wise quantized covariance matrix or significant eigenvectors: Since the precoder feedback does not need to be used as it is at eNB, the elements of the precoder do not have to be limited to unit norm. The precoder can be the eigenvector(s) of the transmit covariance matrix. As the component targeting long-term and/or wideband channel properties, the increased feedback overhead for this component may not be of a big concern. 
ULA antenna configuration

8-Tx ULA configuration is expected to be less common compared to X-pol. DFT-based 8-Tx codebook can be optimized for ULA. However, it may be desirable to use the same two-component feedback framework, in which case we can similarly divide the 8 antennas into two subsets of 4-Tx ULA with inter-set property characterized by a 2-Tx codebook. As opposed to the X-pol case, we expected the 2-Tx codebook design to play a much more important role in delivering precoding gain for both SU and MU operation. We suggest: 
· Also use a Kronecker structure for precoder construction for 8-Tx ULA 

· Use the same design for the 4-Tx component codebook targeting ULA subset of antennas 

· For the 2-Tx codebook component, also focus on a DFT-based design with improved feedback accuracy

In summary, we can use the same two-component feedback framework to accommodate both the more likely X-pol and less likely ULA antenna configurations, based on a Kronecker product structure for precoder construction. The 4-Tx component targets ULA design. The 2-Tx component feedback is less important for X-pol than for ULA, but a same codebook can be defined that is good for both X-pol and ULA and is not difficult to find. One can easily improve the existing 2-Tx Rel-8 codebook if need to improve angular accuracy. 
4. Conclusion

In this contribution, we suggest to align the 8-Tx codebook design in the context of agreed two-component feedback framework. Some proposals are:
· 8-Tx codebook design is not just simply trying to provide a missing piece for Rel-8 codebook, it is part of the feedback framework as described by the agreed key aspects which are the support of enhanced MU-MIMO with improved accuracy of spatial feedback and the support of dynamic SU/MU switching 

· Use the same two-component feedback framework to accommodate both cross-pol (more likely) and ULA (less likely) 8-Tx antenna configurations.

· Use the Kronecker product structure for precoder construction
· Define the 4-Tx component to target ULA sub-structure to characterize the long-term and/or wideband channel property. Focus on 4-Tx component codebook that targets ULA subset of antennas with good feedback accuracy for enhanced MU performance

· Define the 2-Tx component to target both cross-pol and ULA sub-structure, used to characterize the property between the two 4-Tx subset of ULA. 
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