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1 Introduction

Downlink MIMO is a key technology for LTE-Advanced. Aside from 8-layer SU-MIMO which is necessary to meet the peak data-rate requirement, MU-MIMO has been identified as an important feature in to improve the average system performance and meet ITU performance target. Significant progress on feedback was achieved in RAN1 #59bis, where consensus was reached to support implicit CSI feedback for SU/MU transmission in LTE-Advanced [2]. 
Way-forward agreed in 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

· Improved accuracy of spatial feedback should be supported if sufficient performance gains in realistic scenarios are demonstrated for at least MU-MIMO.

· Enhanced MU-MIMO is supported
· The enhancements are in relation to feedback
· At least the feedback specified for SU-MIMO can also be applied for MU-MIMO operation
Additionally, a number of possible enhancement schemes toward implicit feedback for SU/MU-MIMO were identified in two joint proposals for further discussion [3][4].  A number of design priorities for UE feedback were also agreed in the chairman’ notes
· First priority is for SU/MU-MIMO. 

· Feedback requirements for SU/MU-MIMO shall be agreed on the basis of single-cell operation (i.e. without CoMP). 

· Additional feedback requirements for CoMP shall be consistent with feedback framework for SU/MU-MIMO.  

In this contribution, we further provide our views and consideration on the design priority of MU-MIMO feedback.
2 Use Case of MU-MIMO
Due to the importance of MU-MIMO in LTE-A, it is critical to efficiently design the UE feedback and DL control signaling in order to fully realize the MU gain in a realistic scenario. Toward this end the use case of MU should be identified and prioritized, where MU provides the most meaningful performance benefits. In the following, we identify a number of system scenarios where MU-MIMO is more relevant.
· High antenna correlation 
In the ITU-R submission [5] as well as a number of contributions [6] it is observed that the MU-MIMO shows significant performance gain with a highly correlated antenna array. This is not surprising since MU-MIMO increases the degree of freedom with spatially congregated MU channel where SU channel is rank deficient. On the other hand, MU-MIMO performance is rather similar to that of Rel-8 SU-MIMO with codebook-based precoding [6], simply because SU channel already possesses sufficient degree of freedom to support multi-layer spatial multiplexing. Furthermore, SU-MIMO bears its simplicity in terms of UE receiver design, eNB scheduling and less PDCCH overhead. Hence high correlated channel should be the priority for MU-MIMO within Rel-10 timeline.
· Highly-loaded cell
So far the MU-MIMO performance gain is mostly demonstrated under a highly loaded scenario (e.g. 10 full-buffer users per cell) where there are a large number of users available for efficient user pairing. This agrees with observation that a large number of users are a pre-requisite for spatial multiplexing diversity (SDMA) to outperform other simpler multi-access schemes (TDMA) especially under high-correlated antenna [7]. On the other hand if the cell-load is low, MU diversity is significantly reduced and it is often more efficient (both in terms of throughput as well as DL control/scheduling simplicity) to convert to SU transmission. The implication on eNB scheduling and PDCCH overheads with many UEs shall be borne in mind.

· Low-mobility

Inherently a closed-loop MIMO scheme, MU beamforming is naturally more suitable to low-mobility scenario where CSI feedback can be meaningfully exploited to achieve beamforming gain. At high-mobility open-loop precoding or transmit diversity is more robust against the CSI feedback delay. In terms of UE pairing, in our view it is much less time-variant than beamforming adaptation as it highly depends on the long-term channel characteristics (e.g. spatial separation of users). It is highly unlikely that the UE pairing will change on a per-subframe basis in practical deployment.
In addition, due to the low mobility nature of MU, channel reciprocity (e.g. enhanced SRS) based BF schemes may be used without completely relying on CSI feedback. 
· Traffic model
A high traffic inflow is necessary to maintain a stable UE pairing (e.g. video streaming, large file downloading). Voice and very bursty traffic with small packets would be more suitable for SU-MIMO operation. 
3 UE Feedback for MU-MIMO

Given the observations in Section 2, a number of high-level design priorities for MU-MIMO are noted in the following. 
· Low-rank PMI/CQI 
· Low-rank PMI/CQI feedback is the focus for MU (e.g. rank-1 or at most rank-2 for cross-polarized antenna setup [2]).   
· Slow rank adaptation
· Due to the low-mobility setup, RI adaptation changes much slower compared to PMI/CQI.. Hence, fast rank adaptation is not seen a major use case for MU, and PMI/CQI feedback should be focused on slow rank adaptation. 
· Note that rank override is already supported in Rel-8, where eNB may use a different rank than the UE report for PDSCH transmission, which is enabled by DL codebook nested property.

· Low feedback overhead
· Due to the large number of users, low feedback overhead is critical.
· Implicit PMI/CQI feedback is seen more appropriate in this aspect. 
4  Multi-rank PMI/CQI Feedback
A multi-rank PMI feedback scheme was proposed in RAN1#59bis to facilitate dynamic rank adaptation  and SU/MU switching. If fast rank-adaptation is seen necessary, the UE can report implicit CSI for SU-MIMO and for MU-MIMO transmission simultaneously. This corresponds to two separate PMIs of different ranks. 
· Rank-r PMI/CQI, including the preferred RI (r), rank-r PMI/CQI under a SU-MIMO hypothesis. This is to be used for SU-MIMO scheduling and is already supported in Rel-8/9. 
· Rank-1/2 PMI/CQI, comprising of PMI/CQI of a specified rank (e.g. rank-1 and/or rank-2) which eNB will use to perform MU-MIMO transmission. 
· For instance, UE may report rank-1 SU-MIMO CQI/PMI without any MU-MIMO hypothesis. This allows eNB to perform regularized zero-forcing beamforming (ZFBF) for MU. More details could be found in the previous contributions (e.g. [5]).
· Note the CSI report is essentially a SU-MIMO PMI/CQI under a specific pre-defined rank.. The rank value is therefore not reported. 
· The pre-defined rank can be determined pending discussion on the MU dimensioning.  So far 1-layer or 2-layer per UE appears to be the dominant view of MU-MIMO transmission in Rel-10 DL. Given this limited MU dimensioning, rank-1 and/or rank-2 PMI/CQI report for MU appears adequate. 
· For instance, if MU-MIMO is to be confined to rank-1 per UE only, the multi-rank feedback reports a rank-r PMI/CQI and a rank-1 PMI/CQI, exemplified in Figure 1. 
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Figure 1: Multi-rank UE feedback for DL SU/MU MIMO: rank-1 PMI/CQI for MU
· Alternatively, if rank-2 transmission is also to be supported in MU-MIMO, a rank-2 PMI/CQI is reported together with the rank-1 PMI/CQI, depicted in Figure 2. Note the rank-1 PMI/CQI and rank-2 PMI/CQI can be reported in the same subframe or in different subframes. 


[image: image2.emf]rank-r PMI/CQI for SU-MIMO scheduling

rank-1+ rank-2 PMI/CQI for MU-MIMO scheduling

t


Figure 2: Multi-rank UE feedback for DL SU/MU MIMO: rank-1 + rank-2 PMI/CQI for MU
A block diagram of eNB processing for dynamic SU-MIMO switching is depicted in Figure 3. 
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Figure 3: eNB scheduling procedure with multi-rank PMI/CQI feedback
The proposed scheme has the following benefits:
· Dynamic SU/MU switching and rank adaptation: The rank-r PMI/CQI enables the eNB to perform link adaptation and rate prediction when the UE is scheduled in SU-MIMO transmission.  Likewise the rank-1/2 PMI/CQI enables the eNB to schedule UE in MU-MIMO.
· Flexibility of feedback configuration: The eNB may configure periodic or aperiodic report of rank-r and rank-1 PMI/CQI for SU/MU separately. Since MU-MIMO is primarily for low-mobility UE with favorable channel (e.g. medium to high geometry), it is possible to configure the rank-1 PMI less frequently than the rank-r PMI report. Alternatively, aperiodic rank-1 report can be triggered for MU when necessary, along with periodic rank-r PMI/CQI report.
· Fall-back to SU/MU: When dynamic SU/MU switching is not needed, the eNB may “turn off” the rank-r (or rank-1 PMI) report and allows a UE to fall back to a MU-MIMO or SU-MIMO mode. Hence, a UE is not enforced to report a large amount of CSI when only SU-MIMO is needed, achieving a good tradeoff between overhead and flexibility.
· Minimum standardization impact: It is noted that both the rank-1 and rank-1 PMI/CQI are defined within the SU feedback framework in Rel-8/9, hence minimum standardization impact is expected in RAN1 and RAN4. For 2TX and 4TX we can re-use the existing Rel-8/9 feedback paradigm including all PUSCH/PUCCH feedback schemes. For 8TX, it follows naturally the 8TX codebook design WI.
· Implementation simplicity: Reuse existing UE implementation is possible. 
3.1. Configuration of Multi-rank PMI/CQI 

The configuration of multi-rank PMI/CQI feedback is semi-statically signaled by the higher-layer signaling, e.g. by a RRC parameter multirank-pmicqi-configuration. In case the preferred SU-MIMO rank r = 1 or 2, the SU-MIMO PMI/CQI may be combined with the rank-1/2 PMI/CQI for MU-MIMO.

Example
· multirank-pmicqi-configuration  = 1: UE reports the recommended RI=r for SU, and rank-1 for MU

· If r is not 1, the UE reports 2 CQI/PMI pairs: rank-r + rank-1 PMI/CQI. If r=1, UE reports only rank-1 CQI/PMI pair.

· multirank-pmicqi-configuration  = 2: UE reports the recommended RI=r for SU, and rank-2 for MU

· If r is not 2, the UE reports 2 CQI/PMI pairs: rank-r + rank-2 PMI/CQI. If r is 2, UE reports only rank-2 CQI/PMI pair.

· multirank-pmicqi-configuration  = 3: UE reports the recommended RI=r for SU, and rank-1/2 for MU..

· If r is not 1 or 2, the UE reports 3 CQI/PMI pairs, rank-r + rank-1 + rank-2 PMI/CQI. If r is either 1 or 2, UE reports only 2 CQI/PMI pairs: rank-1 + rank-2 PMI/CQI.
Table 1: RRC configuration of multi-rank PMI/CQI Feedback

	multirank-pmicqi-configuration
	PMI/CQI configuration
	Supported MIMO Mode

	
	Rank-r RI/PMI/CQI
	Rank-1 PMI/CQI
	Rank-2 PMI/CQI
	

	0
	ON
	OFF
	OFF
	SU only

	1
	ON
	ON
	OFF
	SU + rank-1 MU

	2
	ON
	OFF
	ON
	SU + rank-2 MU

	3
	ON
	ON
	ON
	SU + rank-1 MU + rank-2 MU

	4
	OFF
	OFF
	OFF
	No Feedback

	5
	OFF
	ON
	OFF
	rank-1 MU

	6
	OFF
	OFF
	ON
	rank-2 MU

	7
	OFF
	ON
	ON
	rank-1 MU + rank-2 MU

	8
	reserved
	


Note it is also possible for rank-1 and rank-2 PMI/CQI (for MU) to be jointly configured by higher layer, in which case the RRC parameter multirank-pmicqi-configuration is as in Table 2.  
Example 

· multirank-pmicqi-configuration  = 1: UE reports the recommended RI = r for SU, and rank-1 PMI/CQI + rank-2 PMI/CQI for MU.
· If r is not 1 or 2, the UE reports 3 PMI/CQI pairs: rank-r + rank-1 + rank-2 PMI/CQI. If r is either 1 or 2, UE reports only 2 CQI/PMI pairs: rank-1 + rank-2 PMI/CQI.

· multirank-pmicqi-configuration  = 3: UE reports rank-1 PMI/CQI + rank-2 PMI/CQI for MU.
 Table 2: RRC configuration of multi-rank PMI/CQI Feedback

	multirank-pmicqi-configuration
	PMI/CQI configuration
	Supported MIMO Mode

	
	Rank-r RI/PMI/CQI
	Rank-1/2 PMI/CQI
	

	0
	ON
	OFF
	SU only

	1
	ON
	ON
	SU + rank-1/2 MU

	2
	OFF
	OFF
	No Feedback

	3
	OFF
	ON
	rank-1/2 MU

	4
	reserved
	


5 Conclusions

In this contribution we identify a number of use cases for MU-MIMO, as well as their impact on the design principles of UE feedback. It is noted that MU-MIMO are mostly targeting at the following use cases in Rel-10 timeline 

· High antenna correlation
· Highly loaded scenario 
· Low-mobility 

As a result, a number of high-level priorities for MU feedback are noticed

· Low-rank PMI/CQI feedback 
· Slow rank adaptation
· Low feedback overhead

In addition, a multi-rank PMI/CQI feedback scheme where PMI/CQI of different ranks are reported to facilitate dynamic SU/MU switching is proposed. A rank-r PMI/CQI is reported for SU-MIMO where r is the preferred SU rank. A rank-1 (or rank 1/2) PMI/CQI is reported for MU with ZFBF. The rank-1 PMI/CQI is essentially a Rel-8 SU type of PMI/CQI (restricted within rank-1 codebook) without any MU hypothesis. Note this is already supported with codebook subset restriction in Rel-8/9. The proposed method provides a very low-complexity and straightforward extension of the existing Rel-8/9 type of implicit CSI framework to facilitate dynamic SU/MU switching, with a very low overhead and minimum impact in RAN1 and RAN4 specification. It also allows CSI feedback to be flexibly tuned toward the desired MIMO transmission, e.g., SU or MU-centric application.
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