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1
Introduction
At RAN#51 a new study item on downlink MIMO enhancements was agreed which in part will focus on feedback enhancements for improved SU/MU-MIMO performance.  In this contribution, we provide our high-level views on which approaches seem most promising and should be revisited in Rel-11.  Specifically, we believe that with MU-MIMO enhancements, performance gains can be expected from increasing feedback granularity and/or MU-MIMO pairing and link adaptation efficiency. 
In a companion paper we address real-life deployment issues [1].  
2
Promising Areas for MIMO Feedback Enhancement
In the LTE Rel-10 timeframe DL-MIMO feedback enhancements were studied in detail and an 8Tx codebook and corresponding feedback reporting modes were introduced.  However, aside from supporting 8Tx feedback, no changes were made to 2Tx or 4Tx channel state information (CSI) feedback reporting. 
The lack of Rel-10 CSI feedback enhancements may be attributed in part to a tight time schedule that left little time to finalize details on feedback reporting after the decisions regarding the 4Tx and 8Tx codebooks were made.  Nevertheless, we believe that Rel-10 studies have helped to identify some promising areas in which enhancement is possible.  In particular, these feedback enhancements specifically target MU-MIMO operation and include improvements to the effective CSI feedback granularity as well as schemes that facilitate the UE-pairing and link adaptation at the eNB side (such as companion feedback or MU-CQI).  Further, tailoring codebooks to specific antenna configurations may show promising gains as further discussed in [1]. 

In addition, the topic of geographically separated antennas were agreed to be studied for potentially inclusion in Rel-11.  Since the correlation between geographically separated antennas may be low both in amplitude and in phase, the codebooks defined so far in LTE may not address optimally this new scenario.  We discuss ways how the feedback for geographically separated antennas may be improved.   
2.1
Improving Effective CSI Feedback Granularity
It is well-established that significant MU-MIMO performance gains can be achieved by improving the effective CSI feedback granularity.  This is in contrast to SU-MIMO which, in most cases, achieves a satisfactory tradeoff between downlink performance and uplink CSI feedback overhead.  The reason why MU-MIMO benefits more lies in the fact that the eNB cannot simply follow the UE’s recommended precoder as is the case for SU-MIMO.  Instead, achieving competitive MU-MIMO performances relies on identifying adequate UE pairs and performing some form of transmit interference nulling to suppress interference of the co-scheduled UEs.  Clearly, the more accurate CSI information is available the more efficient this process can be made. 
Potential gains from increased CSI feedback are shown in Table 2.1 which compares feedback based on the Rel-8 codebook (assuming PMI/CQI subband feedback) with perfect feedback of a UE’s dominant eigen-directions for a 4Tx setup with different types of antenna configurations. It can be seen that for SU-MIMO Rel-8 feedback is close to optimal (especially for the correlated antenna configurations) while for MU-MIMO much improvement is possible.  According to the table the potential gains range from 20% up to 50% improvement with high granularity feedback and in our view these gains are significant enough to warrant a detailed study on how they might be achieved. 
Table 2.1: Potential performance gains due to increased feedback granularity. 

	Antenna Configuration
	Transmission method
	Gain in cell spectral efficiency
	Gain in 5% UE spectral efficiency

	0.5λ ULA
	SU-MIMO
	3.9%
	6.2%

	
	MU-MIMO
	23.5%
	25.1%

	0.5λ x-pol
	SU-MIMO
	9.9%
	7.8%

	
	MU-MIMO
	38.0%
	34.5%

	4λ ULA
	SU-MIMO
	17.2%
	17.3%

	
	MU-MIMO
	50.1%
	52.5%

	4λ x-pol
	SU-MIMO
	17.7%
	12.5%

	
	MU-MIMO
	49.6%
	47.4%


We would like to emphasize that improving CSI feedback granularity not necessarily requires the definition of new codebooks.  Instead, there are several ways of improving the effective feedback granularity.  Some of these approaches are listed below: 
· Adaptive codebooks.  Allowing for adaptive codebooks that can be tailored to specific antenna configurations has the potential to improve CSI accuracy by eliminating codebook entries that would otherwise be rarely picked for a certain configuration.  The amount of adaptability may range from fully downloadable codebooks to codebooks whose entries depend on certain parameters which allow them to be tailored to a certain configuration such as ULA or X-pol [3].  

· Feedback refinement techniques. Feedback refinement schemes exploit the fact that for low mobility UEs, CSI feedback is correlated in time, i.e., UEs would likely feed back the same PMI for an extended period of time.  This can be exploited by schemes such as minimum description coding (MDC) which introduces a sequence of codebooks that are used consecutively.  This way, the UE would therefore pick different PMIs and thereby enable the eNB to interpolate several feedback reports to improve accuracy.  We would like to point out that such feedback refinement is not only possible in time but also the frequency domain across subband reports. 
· Increasing feedback granularity.  In addition to the above techniques which improve the effective feedback granularity without actually changing the feedback payload, increases to the payload could be considered as long as they are justified from an uplink overhead perspective.  From this viewpoint, the aperiodic PUSCH feedback reporting modes may be most promising as it is easier to accommodate the additional payload in this context. 
2.2
Enhancing MU-MIMO Pairing and Rate Prediction
Improvements to CSI feedback granularity help improve the UE-pairing and the performance of transmit interference nulling.  Rate prediction is likewise improved as it is easier to extrapolate the SU-MIMO based CQI if sufficiently accurate PMI information is available.  However, even in the absence of improved granularity CSI feedback, UE paring and MU-MIMO rate prediction may be improved by providing companion feedback and/or additional CQI values that are computed based on the assumption of co-scheduled UEs. 

Some of the above aspects were briefly investigated towards the end of Rel-10 standardization but not adopted, primarily because there was insufficient time to study the techniques in sufficient detail to reach consensus on their benefits.  It is our view that some of these techniques should be revisited in the scope of this Rel-11 study item, as some of the techniques have the potential for promising performance gains. 
2.3
Enhancing Codebook design for Geographically Separated Antennas 

With the currently defined MIMO codebooks, only co-located antennas can be addressed efficiently, since the codebooks assume that all transmit antennas’ signals are received with the same (long term) average power. 

There are four basic mechanisms which could help solve this issue:

1. Independent reporting instances for separate groups of antennas

· Similar to the CSI reporting mechanism used in CA

· ( Benefits from limited standardization impact

· Best suited for DCS or CBF CoMP

· Does not support coherent JT without further additions
2. Joint report for groups of antennas

· Codebook entries addressing multiple separate groups of antennas

· Straightforward extension of Rel-8/9/10 closed loop feedback

· Would likely require new codebook design for adequate performance

· For example, precoder subset with ‘antenna turn off’ could enable fast cell selection

· Best suited for JT

· Can be an extension of Rel-8/9/10 closed loop feedback mechanism with defining configurable codebooks

3. Group selection reporting
· As part of the feedback, use an explicit indication of the antenna group
· For a given resource, the UE reports only for one antenna group

· The explicit index indicates which antenna group is addressed by the report

· ( Benefits from feedback overhead reduction is achieved compared to 1) and 2)

· Best suited for DCS
· The antenna group indication granularity can be 
· as high as best group selection for every subband

· as low as wideband group selection with reduced reporting frequency, for example report with the same period as RI 
4. Hybrid group selection reporting

· A combination of 1) and 3)

· The UE reports independent RI and PMI for two or more antenna groups as in 1)

· The UE reports an explicit index indicating which antenna group is addressed by the (subband) CQI report

· For example, separate group specific wideband RI/PMI/CQI while subband CQI may be only for the indicated antenna group

· Can be viewed as an extension of best-m reporting with explicit best antenna group selection   

· Best suited for DCS
Our preference is to explore adopting scheme 4 (Hybrid group selection reporting) since it promises the best tradeoff between feedback overhead and performance.   

Another issue is that the number of potential feedback candidate transmission point antennas may exceed the number of antennas defined for the current codebooks.  In order to address this, there needs to be a procedure by which the UE can report the set of detected candidate transmission points, from which the eNB may choose an appropriate reporting set using one of the methods described above. 

3
Conclusions

In conclusion, we have discussed some areas in which we see potential for promising DL-MIMO performance gain, particularly with respect to enhanced MU-MIMO feedback.  In our view, adaptive codebooks, feedback refinement techniques such as MDC, and payload increases should be considered to improve CSI feedback granularity.  In addition, schemes that focus on improving MU-MIMO pairing and rate prediction should be studied as well. 
For the geographically separated antenna case, we propose to use hybrid group selection reporting wherein

· The UE reports independent RI and PMI for two or more antenna groups

· The UE reports an explicit index indicating which antenna group is addressed by the CQI report

· For example, separate group specific wideband RI/PMI/CQI while subband CQI may be only for the indicated antenna group

· Can be viewed as an extension of best-m reporting with explicit best antenna group selection
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