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1 Introduction

The following issues on UE feedback in LTE-A were captured in the chairman’s note in RAN1#59 for further discussion.
Observations:
Techniques based on Rel-8 CQI/PMI feedback extension to focus on and try to narrow down:

· PMI extensions:

· Multiple PMIs, e.g. addition of best companion, worst companion

· Feedback to accompany PMI e.g. long-term transmit  covariance

· Codebook enhancements:

· Adaptive / downloadable, based on e.g. antenna configuration, propagation environment

· differential codebook structures

· SRS-based enhancements

· CQI: modified CQI definitions (as addition to Rel-8 definition)

It was further agreed in RAN1 #59 that switching between SU and MU-MIMO is possible without RRC configuration. 
· SU-MIMO refers to a system where a RB is occupied by a single UE exclusively at a particular time instant. On the other hand, in MU-MIMO a RB can be occupied by two or more UEs simultaneously. In Rel-8, a UE is semi-statically configured in either a SU-MIMO or MU-MIMO mode by higher-layer RRC signaling.
· Dynamic MIMO mode switching is important in Rel-10 to improve the link adaptation and scheduling flexibility. Switching between SU/MU can occur frequently (e.g., every subframe – 1ms basis). Since the UE does not know a priori the exact MIMO mode, UE feedback should take into account both SU-MIMO and MU-MIMO aspects in order to facilitate the mode switching and UE scheduling/paring. This is in contrast to semi-static mode switching where UE feedback can assume either a SU or MU hypothesis. 

In this contribution we propose a multi-rank PMI/CQI feedback scheme to support dynamic SU/MU switching. It is shown that dynamic MIMO mode switching can be supported with Rel-8/9 type of RI/PMI/CQI feedback, with limited standardization impact in both RAN1 and RAN4. 
2 Background on Implicit Feedback

With spatial multiplexing, eNB may send multiple data streams (or layers) to UEs in downlink transmission over the same frequency.  The number of layers or streams is defined as the rank.  For Rel-8/9, UE needs to estimate the DL channel and report the recommended rank indicator (RI) to eNB.  UE also must report the channel quality indicator (CQI) and the precoding matrix indicator (PMI) which is an index to the precoding matrix in a precoding codebook.  These indicators form a set of recommended transmission property to eNB, which may be used to perform corresponding downlink MIMO scheduling.
Implicit CSI (CQI/PMI/RI) feedback are based on a pre-defined set of precoding codebooks, which are a set of matrices calculated offline and known at the eNB and UE. Codebook of rank-r consists of a number of Nt * r precoding matrices where Nt is the number of eNB transmit antennas. UE feedback includes the following identities:
· Rank indicator (RI): a preferred transmission rank (number of data streams), ranging from 1 to 
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· Precoding matrix indictor (PMI): the index of the UE recommended precoding matrix in the rank-r codebook. For E-UTRA LTE Rel-8, a single PMI is reported for each frequency subband, corresponding to the RI report.
· Channel quality indicator (CQI): quality of the channel (e.g. in the form of supportable data rate, SNR). The reported CQI is associated with the reported PMI. 
3 Rel-8/9 Implicit CSI for Dynamic SU/MU Switching
3.1. Multi-rank PMI/CQI 

UE reports implicit CSI for SU-MIMO and for MU-MIMO simultaneously. This corresponds to two separate PMIs of different ranks. 
· Rank-r PMI/CQI, including the preferred RI (r), and rank-r PMI/CQI under a SU-MIMO hypothesis. This is to be used for SU-MIMO scheduling and already supported in Rel-8/9. 
· Rank-1/2 PMI/CQI, comprising of a SU-MIMO 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 CQI/PMI without any MU-MIMO hypothesis. This allows eNB to perform regularized zero-forcing beamforming (ZFBF) in DL MU-MIMO. 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 prevalent views. Given this limited MU dimensioning, rank-1 and/or rank-2 PMI/CQI report appears adequate for MU.
· For instance, if MU-MIMO is to be confined to rank-1 per UE, 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. 
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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/MU switching is given in Figure 3. 


[image: image4.emf]Rank-r PMI/CQI

(for SU-MIMO)

Rank-1 PMI/CQI

(for MU-MIMO)

UE Feedback

SU-MIMO 

Scheduling

MU-MIMO 

Scheduling

SU/MU

switching

eNB


Figure 3: eNB scheduling procedure with multi-rank PMI/CQI feedback
The scheme has the following benefits:
· Dynamic SU/MU switching: The rank-r PMI/CQI enables the eNB to perform link adaptation and rate prediction when the UE is scheduled in SU-MIMO.  Likewise the rank-1/2 PMI/CQI can be used for MU-MIMO, as well as in SU-MIMO..
· Flexibility of feedback configuration: The eNB may configure periodic or aperiodic report 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 report (for MU) less frequently than the rank-r PMI report (for SU). Alternatively, aperiodic rank-1 report can be triggered for MU when necessary (e.g. on a one-shot basis), along with periodic rank-r PMI/CQI report for SU.
· 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, the UE feedback overhead can be tailored toward the traffic and scheduling preferences, achieving a good tradeoff between overhead and flexibility.
· Minimum standardization impact: Both the rank-r and rank-1 PMI/CQI are defined within the SU feedback framework in Rel-8/9, hence very limited 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: Reusing existing UE implementation is possible. 
3.2. 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 

	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 SU + rank-1 MU

	6
	OFF
	OFF
	ON
	rank-2 SU + rank-2 MU

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

	8-15
	reserved
	


On the other hand, it is also possible for rank-1 and rank-2 report (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 

	1
	ON
	ON
	SU + rank-1/2 MU

	2
	OFF
	OFF
	No Feedback

	3
	OFF
	ON
	rank-1/2 SU + rank1/2 MU

	4-7
	reserved
	


4 Conclusions

A multi-rank PMI/CQI feedback scheme where PMI/CQI of different ranks are reported to enable 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 to enable MU-MIMO.. The rank-1 PMI/CQI is essentially a Rel-8 SU type of PMI/CQI  without any MU hypothesis. Note this is already supported with codebook subset restriction in Rel-8/9.
· The rank-1/2 PMI/CQI can be reported less frequently than the rank-r PMI/CQI due to the typical local-area and low-mobility setup of MU-MIMO. 

The proposed method provides a low-complexity and straightforward extension of the existing Rel-8/9 implicit CSI framework to enable dynamic SU/MU switching, with a very low overhead and minimum impact in RAN1 and RAN4 specification. It also allows to flexibly tailor the feedback configuration toward the desired MIMO operation.
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