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1
Introduction
At RAN1#72 a working assumption was made to support an aperiodic feedback mode with both subband PMI and subband CQI feedback [8].  Additional enhancements for the 4Tx case were left for further study, including an enhanced codebook, additional feedback of MU-MIMO related information (“MU-CQI”), and a refinement of the subband size. 

In this paper, we discuss configuration details and CSI reporting aspects for the enhanced 4Tx codebook.  We also reiterate our proposal to introduce MU-CQI feedback to improve MU-MIMO operation.  As agreed at the last meeting, both codebook and MU-CQI enhancements should be evaluated on equal footing in order to determine which one, if not both, to adopt. 
A companion paper address the design of an enhanced 4Tx codebook [9]. 
2
Remaining details of CSI reporting based on the enhanced 4Tx codebook
If a new 4Tx codebook is introduced it should not only be applicable to the PUSCH 3-2 feedback mode mentioned in the working assumption but also to other reporting modes, both periodic and aperiodic.  At the same time, however, it does not seem warranted to remove the existing Rel-8 codebook due to backward compatibility and complexity considerations. 
2.1 
Aperiodic feedback reporting

In addition to the new aperiodic reporting mode, agreed as part of last meeting’s working assumption, we propose to also support the new codebook for other aperiodic reporting modes, e.g., PUSCH 3-1.  From a standardization perspective, this seems straightforward as the total payload associated with the new codebook will remain smaller than the payload for 8Tx CSI feedback supported as of Rel-10.

At the same time, we prefer not to replace the Rel-8 4Tx codebook.  The continued support is motivated by the computational complexity and uplink overhead tradeoff associated with the enhanced codebook.  While the complexity/overhead increase may be justified in some scenarios, the Rel-8 4Tx codebook may strike a better tradeoff in other cases.  

In light of the above tradeoff, we propose to support RRC-configurability of whether to perform CSI feedback based on the Rel-8 4Tx codebook or the enhanced codebook.  In its simplest form, the RRC configuration could consists of a single bit that informs the UE which codebook to use.  For TM10, it is natural to perform this signaling per CSI process. 

Proposal 1: 

· If a new 4Tx codebook is introduced, it should at least be supported for all aperiodic reporting modes. 

· If a new 4Tx codebook is introduced, RRC configuration per CSI process determines whether the UE uses the Rel-8 4Tx codebook or the Rel-12 dual codebook.  

2.2
Periodic feedback reporting

The enhanced codebook may also be used for periodic feedback reporting.  In the likely case that a block diagonal structure is agreed for the enhanced codebook, the existing reporting modes for 8Tx CSI reporting could be reused.  In fact, the majority of codebook proposals, consists of fewer bits than used for 8Tx reporting.  The payload associated with enhanced 4Tx feedback reporting therefore fits into the existing ‘containers,’ a property that could be exploited to reduce standardization effort.  

3
MU-CQI feedback scheme
CSI feedback in LTE is computed under the assumption of SU-MIMO operation.  Although support for improved MU-MIMO operation was added in Rel-10, e.g., in terms of dynamic switching between SU- and MU-MIMO operation, the network is required to extrapolate CQI values reported by the UE to account for inter-user interference.  Inevitably, this leads to larger CQI inaccuracy than for SU-MIMO which negatively affects link adaptation performance and diminishes the achievable MU-MIMO gain. 
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	Figure 1: Illustration of the proposed MU-CQI feedback scheme


MU-CQI feedback can be considered either separately or in addition to codebook enhancements. Providing feedback of CQI under an MU-MIMO assumption (“MU-CQI”) was considered in Rel-10 and has the potential for noticeable performance gain [4].  A fundamental issue in specifying MU-CQI is to determine what precoding assumption should be made for the co-scheduled layer.  This paper proposes to feed back more than a single MU-CQI such as to provide MU-CQI values under various co-scheduling assumptions.  At the network, this obviates the need to extrapolate CQI at least partially and thus improves link adaptation.  The additional overhead associated with providing multiple MU-CQI feedback values can be alleviated by encoding the MU-CQI as a wideband offset relative to the subband SU-CQI provided as part of regular aperiodic feedback reporting.  
The proposal presented in this paper is summarized in Fig. 1.  A UE configured with MU-CQI reporting provides CSI feedback under a regular SU-MIMO assumption (as today) and additionally provides a set of K MU-CQI values which are encoded as wideband offset values relative to the rank-1 SU-CQI.  Each of the K MU-CQI values assumes that the desired layer consists of the rank-1 PMI (as the desired layer) and one interfering rank-1 PMI (as the co-scheduled layer).  The precoder assumption associated with each hypothesis is known to both network and UE (e.g., by specification or through signaling).  Note that the set of hypotheses may depend on the index of the selected desired rank-1 PMI.  From an overhead perspective, the MU-CQI’s encoding as a wideband offset allows the configuration of larger values of K. 

Figure 1(b) also captures the case in which the UE provides rank-2 SU-MIMO feedback.  In this case, it is assumed that an additional rank-1 PMI is conveyed to the network, together with a wideband rank-1 CQI that serves as a reference for the offset MU-CQI values.  As these additional parameters are conveyed wideband, the additional overhead associated with them remains acceptable.  Further optimizations could be considered, for example along the lines of unified feedback.  
3.1
Definition of MU-CQI hypotheses

A crucial aspect of this proposal is the simultaneous feedback under several MU-MIMO hypotheses.  A typical value of K could be on the order of 5 MU-CQIs, which provides valuable information that the network may exploit for making MU-MIMO pairing decisions.  Note that in Rel-10 discussion, feedback of only a single MU-CQI was discussed (K=1); this limited the network’s flexibility significantly and constitutes as an important difference to this proposal.  

As described earlier, the use of wideband-offset encoding of the MU-CQI helps to alleviate the overhead increase.  In fact, the overhead increase with K=5 hypotheses is smaller than the overhead increase between PUSCH 3-1 and PUSCH 3-2.  The feedback of many MU hypotheses is in contrast to proposals that employ multiple CSI processes to obtain additional MU-MIMO hypotheses.  Such standard-transparent proposals suffer from the shortcoming that separate CSI processes lead to increased reference signal overhead and duplication of redundant CSI information (e.g., repetition of the PMI, etc.).  

The MU-CQI hypothesis may further depend on the PMI selected for a UE’s own transmission layer.  For example, Table 1 shows MU-CQI assumptions for K=5 as a function a UE’s selected PMI.  The table was constructed by selecting the subset of rank-1 precoders in the Rel-8 4Tx codebook which have least correlation with the UE’s own PMI.  This leads to a similar table as discussed during the Rel-10 timeframe [4].  
Table 1: MU-MIMO Pairing Assumptions
	Own PMI
	Co-scheduled PMI assumption K=5
	Own PMI
	Co-scheduled PMI assumption K=5

	0
	{1, 2, 3, 8, 10}
	8
	{0, 2, 9, 10, 11}

	1
	{0, 2, 3, 9, 11}
	9
	{1, 3, 8, 10, 11}

	2
	{0, 1, 3, 8, 10}
	10
	{ 0, 2, 8, 9, 11}

	3
	{0, 1, 2, 9, 11}
	11
	{1, 3, 8, 9, 10}

	4
	{6, 5, 7, 2, 3}
	12
	{13, 14, 15, 5, 6}

	5
	{7, 4, 6, 0, 3}
	13
	{12, 14, 15, 4, 7}

	6
	{4, 7, 5, 0, 1}
	14
	{12, 13, 15, 4, 7}

	7
	{5, 6, 4, 1, 2}
	15
	{12, 13, 14, 5, 6}


MU-CQI feedback can be supported based on either the Rel-8 4Tx codebook or an enhanced dual codebook, if introduced.  In the latter case, the K MU-CQI hypotheses may likewise defined by a mapping from the PMI associated with the UE’s desired layer to a subset of the codebook that defines the K hypotheses.  For example, such a mapping could be based on only the first PMI if the networks separates co-scheduled UEs primarily based on different beams from the C1 codebook.  
Proposal 2: 

· Support MU-CQI feedback for improved MU-MIMO pairing at the network. 

· Employ wideband-offset encoding to reduce the MU-CQI overhead. 

· MU-CQI feedback can be supported with either Rel-8 or enhanced 4Tx codebook.  
3.2
Performance results
The performance gain associated with the proposed MU-CQI feedback scheme was evaluated based on system-level simulations.  Both Scn-A and Scn-C2 [5] were considered and additional evaluation parameters are shown in the appendix.  ULA antenna configurations are considered throughout this contribution as MU-CQI gains are most pronounced for this case.  As shown in a previous contribution [10], only limited gains can be achieved for X-pol setups due to the limited potential for MU-MIMO gain in such setups, even with idealized feedback [2, 3].  
For the MU-CQI enhancement, we consider both the case of K=16 and K=5.  For K=16, MU-CQI is provided under all rank-1 precoders in the Rel-8 4Tx codebook.  This is not practical but serves as an upper bound on the performance gain that can be achieved.  The case of K=5 corresponds to a realistic scenario which was generated based on the pairing table in Table 1.  Wideband-offset encoding is performed for both of the aforementioned scenarios and helps to reduce overhead significantly.  For reference, we also show an idealized reference scheme in which MU-CQI is available per subband; this is again not practical from an overhead perspective but shown here for reference. 
Evaluation results for Scn-A are shown in Table 2.  SU/MU-MIMO operation with dynamic switching based on Rel-10 feedback is considered as the performance baseline.  The results are in line with our previous findings for K=16 [10] and illustrate that a noticeable gain of approximately 15% can be achieved.  The new result for the case of K=5 illustrates almost all of the gain can be maintained with a reasonable number of MU-CQI hypotheses.  This is not surprising as the 5 MU-CQI hypotheses of Table 1 correspond to the most likely co-scheduling choices selected by the network. 
Table 2: Evaluation results for Scn-A. 
	Scheme
	UE throughput [Mbps]

	
	5%
	Median
	Mean

	Rel-10 SU/MU-MIMO
	0.889
	2.060
	2.273

	MU-CQI (sb offset, K=16)
	0.920
	3.5%
	2.559
	24.2%
	2.719
	19.6%

	MU-CQI (sb offset, K=5)
	0.916
	3.0%
	2.543
	23.4%
	2.718
	19.6%

	MU-CQI (wb offset, K=5)
	0.866
	-2.6%
	2.377
	15.4%
	2.53
	11.3%


Evaluation results for Scn-C2 are shown in Table 3.  Qualitatively, the evaluation results mirror the trends observed for Scn-A.  Again, a noticeable gain is observed which again amounts to approximately 15% assuming wideband encoding of the MU-CQI.  
Table 3: Evaluation results for Scn-C2.
	Scheme
	UE throughput [Mbps]

	
	5%
	Median
	Mean

	Rel-10 SU/MU-MIMO
	2.617
	5.583
	6.205

	MU-CQI (sb offset, K=16)
	3.092
	18.2%
	6.607
	18.3%
	7.235
	16.6%

	MU-CQI (sb offset, K=5)
	3.056
	16.8%
	6.605
	18.3%
	7.208
	16.2%

	MU-CQI (wb offset, K=5)
	3.019
	15.4%
	6.353
	13.8%
	6.990
	12.7%


The achievable gains are noticeable and motivate our view to standardize this type of enhancement in this work item.  The reporting of MU-CQI should be configurable such as to enable the network to only configure this type of feedback in scenarios where performance gain is expected.  

4
Conclusions
Remaining details of CSI reporting based on the enhanced 4Tx codebook
· If a new 4Tx codebook is introduced, it should at least be supported for all aperiodic reporting modes. 

· If a new 4Tx codebook is introduced, RRC configuration per CSI process determines whether the UE uses the Rel-8 4Tx codebook or the Rel-12 dual codebook.  

MU-CQI feedback scheme

· Support MU-CQI feedback for improved MU-MIMO pairing at the network. 

· Employ wideband-offset encoding to reduce the MU-CQI overhead. 

· MU-CQI feedback can be supported with either Rel-8 or enhanced 4Tx codebook.  
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Appendix

Table A: 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 and [6]

- 100% of UEs located outdoors

	Channel model (Scn-C2)
	- ITU CoMP Scn-3/Scn-4 channel model as specified in TR36.819 and [6]

- 100% of UEs located outdoors

	Cellular Layout
	Homogeneous, 21 cells, (4picos/cell for Scn-C2)

	Bandwidth
	10MHz

	Traffic
	Full buffer

	Association
	Largest received power; no bias

	Number of Tx/Rx antennas
	4Tx, 2Rx

	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

	Feedback
	- For Rel-10: Implicit RI/PMI/CQI using Rel-10 codebooks; PUSCH 3-1 reporting
- For MU-CQI: provided either per subband or by wideband offset; for K=16, all rank-1 co-scheduling hypotheses are considered; for K=5, hypotheses as in Table 1. 

	Subband granularity
	6RBs

	Receiver type
	MMSE-IRC

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

- No MBSFN subframes
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