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1. Introduction 
In [1] the key areas of the requirements for LTE-A were summarised, together with the technology aspects which we identified as being relevant to each area of the requirements. 
In this document we focus on techniques for MU-MIMO which offer promising improvements in spectral efficiency and control signalling overhead reduction for LTE-A. 

2. Downlink Multi-User MIMO

In order to support high user densities in limited spectrum, it is vital that LTE-A achieves high spectral efficiency not just in the centre of the cells but across the system deployment. Since the theoretical bound on system capacity is achieved using MU-MIMO, this means that the focus of MIMO in LTE-A should be in particular on spatial reuse between users rather than purely on single-user spatial multiplexing. 
Enhanced downlink multi-user MIMO is one important means for achieving this. 

MU-MIMO in Rel-8 is very closely related to the techniques designed for SU-MIMO, whereas in practice more significant improvements in total system throughput and spectral efficiency can be achieved by means of different feedback and beamforming techniques. 

The theoretical upper bound on system throughput with MU-MIMO is achieved with Dirty-Paper Coding [2 – 4] and full channel state information at the transmitter. However, in practice such schemes are probably not feasible due to the amount of feedback information required. 
Therefore it is of interest to use the DPC upper-bound as a benchmark, and to investigate how to approach this for LTE‑A techniques with a lower feedback overhead but greater spectral efficiency than Rel-8.
In particular, we believe it is important to consider:

· The desirable properties for improved transmitter codebooks compared to the constrained unitary codebooks used in Rel-8. Some analysis of the potential gains from using an optimal unitary codebook is given in [9].
· Making use of non-codebook based closed-loop beamforming in conjunction with UE-specific reference symbols. 
· Extending the use of UE-specific reference symbols to the case of MU-MIMO to enable channel estimation to support non-codebook based beamforming. 

· Enhanced CQI/PMI feedback based on approaches such as channel vector quantisation (CVQ) [5] and successive refinement to reduce the errors in channel knowledge when possible [6, 8].
· The use of rank>1 transmission in MU-MIMO mode.
When considering schemes based on UE-specific reference symbols, the overhead of the UE-specific reference symbols should be compared against the signalling overhead required to indicate a sufficiently-accurate quantised version of an unconstrained non-codebook based beamformer. 
3. Practical considerations

It is also important to consider practical aspects of enhanced MIMO schemes. While the theoretical MIMO capacity achievable in uncorrelated scenarios is well-known, the practical capacity is limited chiefly by the correlation of the antennas and the spatial characteristics of the propagation environment. 

Antenna constellations up to 8x8 have been proposed for LTE-A. Some categories of terminal in the LTE-A timeframe may indeed be of suitable form-factor and market segment to support large numbers of antennas, but others may not, and it is therefore important to understand the cost-benefit trade-offs of increasing the number of antennas. As a first step in this direction, [10] examines the capacity limits for dense antenna configurations of up to 16 transmit and receive antennas, given particular dimensions of the UE. 
In practice, MU-MIMO schemes are likely to give greater gains in total system throughput and user satisfaction than very large numbers of antennas for advanced SU-MIMO. 

4. Conclusions

More advanced MU-MIMO techniques should be considered for LTE beyond Rel-8, to improve overall system spectral efficiency. LTE-A should be able to approach the theoretical capacity more closely than LTE Rel-8. Worthwhile techniques include improved codebooks, non-codebook based beamforming techniques based on extended use of the UE-specific reference symbols, associated feedback signalling, and rank>1 transmission.
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