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1. Introduction

To reach 3GPP peak rate requirements, LTE Rel-10 will support up to 8x8 SU-MIMO. Toward this end, up to eight antenna ports based on UE specific RS will be available and discussions are already ongoing on the RS design, in the past in the context of Rel-9, as well as presently for Rel-10. 

Downlink MU-MIMO is another multi-antenna technique which has received considerable interest in a LTE Rel-10 context as a tool for achieving performance gains in the ITU evaluations. MU-MIMO entails scheduling multiple UEs on the same time-frequency resource(s). Instead of only maintaining orthogonality over time and/or frequency, also the spatial dimension is used for separating the signals to the co-scheduled UEs of the same cell. 

This contribution discusses feedback in support of SU-MIMO and MU-MIMO and describes an implicit feedback concept that encompasses SU-MIMO as well as MU-MIMO operation. Naturally, much of the MU-MIMO conclusions hold for CoMP as well, which in many cases can be thought of as MU-MIMO where the co-scheduled UEs may be served by different cells.

2. SU-MIMO and MU-MIMO
Already Rel-8 LTE supports both SU-MIMO and MU-MIMO operation. MU-MIMO has the specific transmission mode 5 while the possibility to use UE specific RS in transmission mode 7 allows an alternative way for co-scheduling multiple UEs.  In Rel-9 significant additional functionalities targeting MU-MIMO were introduced concerning DMRS allocation for transmission mode 8. This makes it clear that MU-MIMO is already supported in LTE and in fact Rel-8 based techniques for MU-MIMO were used to fulfill the ITU requirements by exploiting long-term channel reciprocity also for FDD. Currently, the degree to which Rel-10 needs feedback extensions deliberately targeting MU-MIMO seems somewhat unclear considering that MU-MIMO is possible with present feedback and/or long-term reciprocity.

Observation

· Both SU-MIMO and MU-MIMO are possible since Rel-8

· Significant additional functionalities for MU-MIMO introduced in Rel-9

· Already Rel-8 based MU-MIMO techniques fulfill ITU requirements
Proposal
· Feedback functionalities specifically targeting MU-MIMO must be motivated by significant performance benefits over MU-MIMO operation made possible by Rel-9.

Note that exploiting the correlation domain for separating UEs in MU-MIMO, as illustrated in Figure 1 for a 4 Tx array with two closely spaced pairs of cross-poles, generally makes a lot of sense since the whole purpose of MU-MIMO is to increase the rank of the composite channel (the aggregate channel between the transmitter and all the receiving antennas of all co-scheduled UEs). Hence the primary use is for correlated channel environments; that is, the potential gain of MU-MIMO is primarily seen in correlated channel scenarios. 
Proposal
· Design for separating co-scheduled UEs in correlation domain
The alternative of spatially separating multiple UEs over short-term uncorrelated channel dimensions (such as between polarizations) is questionable for several reasons:

1. Robustness: The spatial characteristics of uncorrelated channel dimensions changes rapidly and are difficult to track accurately. 

2. Interference Suppression: Even with low UE speeds, the eNB will be unable to effectively suppress all inter-stream interference between uncorrelated channel dimensions. Scheduling such interfering streams to different UEs results in severe interference suppression requirements on the terminals. 

3. Better to allocate to the same UE: MIMO communication over uncorrelated channel dimensions are much better suited for SU-MIMO operation (i.e., multiple parallel streams to the same UE), whereas multiple UEs can be multiplexed over the remaining correlated channel dimensions. Hence, each UE can effectively suppress the inter-stream interference over the uncorrelated dimensions by means of MMSE equalization or more advanced SIC/ML receivers,
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Figure 1: The correlation domain is suitable for separating UEs while the uncorrelated domain is suitable for transmitting multiple layers to a single UE

For Rel-10, it has been proposed to introduce feedback signaling specifically addressing MU-MIMO [1] . It is sometimes argued that MU-MIMO requires the introduction of a new feedback methodology, so-called explicit feedback where the actual channel is fed back as opposed to the present implicit feedback method of signaling a precoder. On the other hand, other studies [2]  suggest that existing Rel-8 feedback works for MU-MIMO as well. In fact, it seems that observed performance differences are mostly due to the assumed feedback overhead as opposed to the feedback type. Explicit feedback reports on the order of 500-1000 bits are not uncommon while implicit Rel-8 feedback is using an order of magnitude less feedback. Obviously, the feedback overhead must be taken into account when comparing feedback types to allow a fair comparison.

Observation
· Performance difference of feedback types tends to largely depend on the granularity of spatial quantization as opposed to feedback type
· Additional feedback useful for MU-MIMO may be introduced by reducing spatial quantization errors while staying with implicit feedback type

Proposal

· Feedback signaling overhead needs to be limited
· Comparisons of implicit and explicit feedback should be performed at the same feedback overhead.

3. Feedback Concept Covering SU-MIMO and MU-MIMO
As previously mentioned, the present type of implicit feedback can be used for SU-MIMO as well as MU-MIMO. Striving for finer spatial quantization however typically result in a high signaling overhead. To circumvent that, this section describes an implicit feedback concept that offers finer spatial quantization while still limiting the feedback overhead and would this suite SU-MIMO and MU-MIMO operation without leading to unreasonable overhead for the common case of SU-MIMO.

Instead of as presently reporting only a single PMI for describing a recommended precoder, the UE would be feeding back two PMIs, each corresponding to two precoders, 
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. The two precoders would jointly form an overall recommended precoder 
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is some matrix function describing the mapping from the two constituent precoders to the overall recommended precoder. The purpose of the first precoder 
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is to take care of correlations properties of the channel and to compress the channel into fewer dimensions. Correlation properties remain roughly constant over bandwidth and change slowly over time so 
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 does not need to be reported often or in a frequency-selective manner over bandwidth. Basically, 
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 implements some form of beamforming based on correlation properties of the channel. The channel and 
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 together form a new effective 
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channel were in many cases 
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is substantially smaller than the number of antenna ports 
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. The second precoder tries to match the instantaneous properties of the effective channel, such as phase alignment for constructive combining of transmitted signals on receive side, or orthogonalization of the effective channel. As such it needs to track the instantaneous properties of the channel and thus may benefit from being reported often and in a frequency-selective manner. This way of splitting the reporting of the recommended precoder into two parts offers a way to increase the spatial resolution of the precoding while still limiting the feedback overhead thanks to the dimension reduction reducing the needed codebook size for the second precoder and low update rate of the correlation exploiting first precoder. 
The mapping function 
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 can take several forms. Examples of mapping functions include
· Kronecker structure

· Product precoder

The first example of a mapping corresponding to a Kronecker structure means that
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. To see how correlations properties are exploited and dimension reduction achieved consider the common case of an array of closely spaced cross poles. The antennas can then be divided into two groups based on polarization and the corresponding channels are denoted 
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, respectively. The product of the MIMO channel and the overall precoder can now be written as
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As seen, 
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separately precodes each group of co-polarized and closely spaced antennas forming a smaller and improved effective channel 
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corresponds to a beamforming vector, the effective channel would reduce to having only two virtual antennas, which reduces the needed size of the codebook used for the second precoder 
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when tracking the instantaneous channel properties. In this case, instantaneous channel properties are to a large extent dependent upon the relative phase relation between the two orthogonal polarizations.
The second example of a product precoder entails forming the overall precoder as
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This is reminiscent of the proposals concerning adaptive codebook [3] . The channel and the first precoder obviously forms a new effective, and possibly reduced dimensional, channel whose properties the second precoder attempts to match. Several different structures of the codebook for the first precoder are of course possible. In the most general case, precise matching of any correlation properties can be achieved by adopting a large codebook. At the same time the codebook used for the outer precoder 
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can be kept rather small since the dimensions are reduced by the inner precoder 
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 More optimized codebooks can also be formed by adopting more tailored structures of the first precoder limiting signaling overhead even further.
Clearly, the described multi-granular precoder feedback approach belongs to the category of implicit feedback since an overall precoder is implied by the feedback and CQI is computed conditioned on the use of the recommended precoder. This is in fact a major advantage since no changes in feedback methodology need to be done and consequently much of the extensive work in RAN4 when it comes to testing methodology can be reused. Considering the tight timeline for the finalization of Rel-10, this appears as a necessity. In contrast, it seems highly unclear how to test explicit feedback. Even the definition of explicit feedback, i.e., “Channel as observed by the receiver, without assuming any transmission or receiver processing“ [4] is unclear since receiver processing will always be included when measuring the channel.
Observation

· Multi-granular precoder feedback allows staying within present type of implicit feedback

· Crucial for capitalizing on extensive RAN4 work and maintaining Rel-10 timeline

· Testing of explicit feedback highly unclear
Implicit feedback is clearly preferable for SU-MIMO as it minimizes the signaling overhead for a given performance and it should be kept in mind that even if MU-MIMO operation is performed, many UEs will often not be co-scheduled with any other UEs thus making it important that SU-MIMO remains efficient. The 8 Tx case represents a high dimensionality problem which would usually require substantial signaling overhead. A multi-granular precoder feedback approach here comes at the rescue since it allows the codebook resolution to be fine while limiting the overhead. 

Multi-granular precoder feedback is also able to handle MU-MIMO in the light of that MU-MIMO primarily may have a need for reducing the spatial quantization errors while explicit versus implicit feedback type is of lesser importance. Since co-scheduled UEs should be separated by means of high correlation, the first precoder is responsible for the UE separation and since the first precoder may be reported seldom and in a wideband fashion the signaling overhead can be limited even if the resolution is increased in order to target MU-MIMO operation. 

Observation

· The same multi-granular precoder feedback handles both SU-MIMO and MU-MIMO

· Multi-granular precoder feedback keeps feedback overhead limited increasing chance of needing only one feedback mode addressing for SU-MIMO as well as MU-MIMO operation
Proposal
· Consider  multi-granular precoder feedback
4. Conclusions
Based on the discussion above about feedback type and codebook design issues for 8 Tx SU-MIMO we propose the following:

· Feedback functionalities specifically targeting MU-MIMO must be motivated by significant performance benefits over MU-MIMO operation made possible by Rel-9.

· Design for separating co-scheduled UEs in correlation domain
· Feedback signaling overhead needs to be limited

· Comparisons of implicit and explicit feedback should be performed at the same feedback overhead.

· Consider multi-granular precoder feedback
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