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1. Introduction

MU-MIMO is an important feature in Rel-10 to improve the system performance and meet the ITU performance target. Significant progress on feedback in support of SU/MU in Rel-10 was achieved in RAN1 #60, where consensus on implicit PMI/CQI feedback in LTE Rel-10 was reached
Way-forward agreed in RAN1#60
· Implicit feedback (PMI/RI/CQI) is used also for Rel-10

· UE spatial feedback for a sub-band 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 sub-band within the CQI reference resource

· Note that a sub-band can correspond to the whole system bandwidth

· A precoder for a sub-band 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

In addition, it was agreed in RAN1#59 that “switching between SU- and MU-MIMO transmission is possible without RRC configuration.” In the past meetings multi-rank PMI feedback has been proposed as a means to facilitate dynamic SU/MU switching and to improve the CSI accuracy in the context of Rel-10 SU/MU transmission. In this contribution, further discussion is provided on multi-rank PMI feedback, its use cases as well as the standard impact. 
2. MU use cases
Several use cases of MU-MIMO are discussed in the following. 
· Highly correlated antenna
So far most of MU-MIMO performance gain is seen in a highly correlated antenna setup. This is not surprising since MU-MIMO increases the degree of spatial freedom with a composite MU channel by overcoming the rank-deficient SU channel. On the other hand, for low correlation scenario the MU performance gain over Rel-8 codebook-based SU-MIMO is marginal, simply because SU channel already possesses sufficient degree of freedom to support multi-layer transmission. Hence high correlated channel should be the priority for MU-MIMO design within Rel-10 timeline. 
· Low-mobility

Inherently a closed-loop scheme, MU beamforming is more suitable to low-mobility setup where CSI feedback can be reliably exploited to achieve beamforming gain. For higher mobility, open-loop precoding or transmit diversity provides more robustness against quickly outdated CSI feedback. In terms of UE pairing, in our view it highly depends on the long-term channel characteristics (e.g. spatial separation) and therefore much less time-variant than beamforming adaptation. Hence UE paring changing on a per-subframe basis is seen less likely 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. 

Given the observations above, a number of high-level design priorities for MU-MIMO feedback are noted in the following. 
· Rank limited PMI/CQI: Low-rank PMI/CQI should be the focus for MU-MIMO (e.g. rank-1 or 2). This is also well aligned with the MU-MIMO dimensioning discussion.
· Slow rank adaptation: In Rel-8 it has been shown that for low Doppler channel (e.g. 3kmph), the recommendation RI adaptation changes at a much slower rate than PMI/CQI adaptation. As a consequence, once a recommended rank is determined, PMI adaptation may occur within the recommended rank value for a relatively longer period. Hence the slow rank adaptation for low-mobility scenario should be taken into account in CSI feedback design.
3.  Multi-rank PMI Feedback
Considering the use cases of MU-MIMO, a multi-rank PMI feedback scheme was proposed in RAN1#59bis. Basically, two PMIs are reported (when configured) 
· Rank-r PMI (under SU hypothesis)):  for rank-r SU-MIMO transmission. 
· Rank-1/2 PMI (under SU hypothesis): comprising PMI/CQI of a restricted rank (e.g. rank-1/2) for MU-MIMO paring.
3.1. Need of low-rank PMI feedback

The restricted PMI of a low rank value (rank-1/2) is appended to the regular rank-r PMI to facilitate dynamic SU/MU switching. How important this is, however, may depend on the configuration of downlink MIMO modes.
· If full-rank dynamic SU/MU switching up to 8 layers is to be supported, 
· A single transmission mode of up to 8-layers is needed to support dynamic SU-MIMO and MU-MIMO switching on a per subframe basis. The same UE feedback (up to rank-8 PMI/CQI) shall be used in both SU/MU scheduling. Since the UE is agnostic to the actual transmission mode/rank, a natural question is how to schedule a UE in low-rank MU mode (rank 1/2) when the UE reports a high rank PMI/CQI (rank 3-8). One possible solution is to extract the first two columns of the rank 3-8 PMIs for MU-MIMO scheduling. However, it should be noted that such “truncated PMI” are sometimes not the optimal rank-1/2 PMI computed under rank-1/2 hypothesis. Although using the suboptimal “truncated PMI” is possible it may adversely impact the MU performance. In addition, due to the low-mobility setup (and therefore low rank adaptation) typically seen in MU suitable scenarios, once UE reports a rank-r PMI it may continue to report rank-r PMI for a long period.  Hence the benefit of the multi-rank PMI proposal is to allow the UE supplement the optimal rank 1/2 PMI such that sufficient CSI accuracy for rank-1/2 MU pairing is achieved. From this perspective, multi-rank PMI also enhances CSI accuracy in addition to facilitating dynamic SU/MU switching
· If dynamic SU/MU is limited to a low-rank scenario, two separate DL MIMO modes could be defined in Rel-10 targeting users in different channel situations (e.g. geometry, spatial separation, traffic loads). 
· Mode A: Focus on low-rank (rank 1/2) transmission. UE feeds back rank-1/2 PMI/CQI (similar to Rel-8 codebook subset restriction) to support dynamic SU/MU switching up to 2 layers.
· Mode B: Geared toward SU-MIMO with full rank adaptation of 8-layers. UE feeds back rank-r PMI/CQI report (r = 1, …, 8). In this case, multi-rank PMI may be less necessary.
Observation 

· Supplemental rank-1/2 PMI improves the SU/MU dynamic switching flexibility as well as CSI accuracy in terms of rank override at eNB with dynamic SU/MU switching, if a single MIMO mode supporting dynamic SU/MU up to 8 layers is specified.
3.2. Standard impact
In the last meeting some concerns were raised regarding the feedback of multi-rank precoders, including the impact on the testing and UE complexity. In this section we discuss these issues and show that the impacts, if any, are limited. 
· UE complexity in PMI computation
First of all, rank adaptation is inherent in implicit feedback.  UE needs to calculate preferred PMIs of different ranks and  performs rank adaptation to report PMIs of a single rank value. As a result, PMI of different ranks are anyway already computed at the UE although only one of them is reported under Rel-8 framework. As a consequence the only additional step required in multi-rank feedback is to report such PMIs which are already available at the UE side. We could not identify major UE complexity increase in terms of PMI computations.
· Testing

Both rank-r and rank-1/2 PMIs are under Rel-8 definition and are essentially Rel-8 SU-MIMO PMIs. Testing should follow the exact Rel-8 testing procedure. We do not see any significantly increased testing efforts.
4. Conclusions

In this contribution we attempted to analyze a number of use cases for MU-MIMO.  Given such observation, the multi-rank PMI/CQI feedback scheme is discussed where rank-r PMI feedback is supplemented by a rank restricted (e.g. rank 1/2) PMI to facilitate dynamic SU/MU switching.
· The rank-r PMI/CQI is reported for SU-MIMO, where the rank-1 (or rank 1/2) PMI/CQI is reported to facilitate MU pairing / scheduling. 
· If full-rank dynamic SU/MU switching up to 8 layers are to be supported, supplemental rank 1/2 PMI improves the SU/MU switching flexibility and may also improve CSI accuracy in case of rank override. 
Note rank-r and rank-1/2 PMI are parallel PMI reports, both of which can be enhanced by the dual-stage feedback structure [7] to further improve the CSI accuracy. Overall, the multi-rank and the dual-stage feedback are complementary schemes addressing different issues (dynamic SU/MU switching, and CSI accuracy improvements), and therefore are not contradictory to each other. 
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