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1 Introduction 
The evaluation for IMT-A has shown that single-cell MU-MIMO with 4 or 8 transmit antennas at the eNB is an important technique for achieving the required spectral efficiency targets. In this contribution we address DL MU-MIMO exclusively.
Moreover, single-cell MU-MIMO is an attractive technique because of its simplicity and hence its suitability for early deployment. It can provide an early upgrade path for initial deployments of LTE. 

It also provides a pathway to future enhancements, as it readily lends itself to inter-cell coordination to improve interference management. Inter-cell coordination may initially be intra-site, requiring no standardised signalling between cells, progressing to inter-site coordination with standardised signalling later. 

2 Overview of MU-MIMO System Design
Dirty paper coding (DPC) is the capacity-achieving technique for downlink MU-MIMO. However, simpler approaches are necessary for practical deployment. With M transmit antennas at the eNB and K>M users, linear beamforming with M beams is optimal in terms of capacity scaling. Linear beamforming includes Grid-of-Beams (GoB) approaches [1], ZF beamforming
, and higher-order sectorisation. In practice, the gap in sum-rate between linear beamforming and DPC can be small, especially for large numbers of users.  
Single-cell MU-MIMO using a GoB approach is already available in limited form (max K=2, 1 stream per UE) in Rel-8. For MU-MIMO enhancement in Rel-10, we see the following as priorities for FDD:

· support for new codebooks for PMI-based feedback to enable GoB to be adapted to relevant antenna configurations; 
· progression to ZF-based beamforming supported by UE-specific RS;

· explicit CSI feedback to support ZF-based beamforming in high-angular-spread environments. 
In addition, for TDD, channel reciprocity may be used to assist with ZF-based beamforming (though factors such as the RF mismatch, different DL/UL antenna configurations and interference asymmetry may provide practical limitations which need further investigation).
This is summarised in the following Table:
Table 1: Summary of MU-MIMO approaches for LTE-A
	
	FDD Narrow Angular Spread environment
	FDD Wide Angular Spread environment
	TDD

	MU-MIMO technique
	Grid of Beams, progressing to ZF beamforming

or higher-order sectorisation
	Grid of Beams, progressing to ZF beamforming
	ZF beamforming

	Standardisation impact
	Enhancements to PMI feedback, codebooks, and additional control signalling 
	Enhancements to PMI feedback, codebooks, and  additional control signalling.  . 

Introduction of explicit CSI feedback. 
	Consider need for calibration to facilitate use of reciprocity. 

	Extension route to inter-site CoMP
	Larger codebooks, weighted feedback
	Larger codebooks, weighted feedback
	Straightforward


3 Specification Impact

3.1 Uplink feedback considerations

Different antenna configurations are best suited to different deployment scenarios. The most prominent antenna configurations can be summarised as: 
· Diversity (DIV) array (e.g. Configuration “A” in Annex A.3 of TR36.814) with e.g. four wavelengths inter-antenna distance at transmitter side 

· Uniform Linear Array (ULA) (e.g. Configuration “C” in Annex A.3 of TR36.814) with e.g. half wavelength inter-antenna distance at transmitter side

· Clustered Linear Array (CLA) (e.g. Configuration “E” in Annex A.3 of TR36.814) with two pairs of cross-polarized antennas spaced e.g. half a wavelength apart at transmitter side. 
For PMI codebook-based uplink feedback, it is important that the codebook is matched to the eNB antenna configuration, especially when considering the multitude of antenna configurations that a UE may face while moving through a heterogeneous network. Table 2 gives examples of the suitability of antenna configurations for different deployment environments. 

Table 2: Suitability of Antenna Configurations

	 
	Urban Micro
	Urban Macro
	Rural Macro

	DIV-1X
	H
	M
	L

	DIV-2X
	H
	H
	L

	ULA-4V
	L
	M
	H

	ULA-8V
	L
	L
	H

	CLA-2X
	L
	H
	M

	CLA-4X
	L
	H
	H


Three levels of high (H), medium (M) and low (L) preferences are shown, attempting to provide a rough idea of relative ranking when only narrowband angular spread is considered. Attempting to define a single codebook to cover all possibilities would be impractical and probably suboptimal for all scenarios, especially when further extensions such as CoMP are taken into account. Downlink signalling support for updating the feedback codebook, or downloading new codebooks, is therefore important for providing a robust MU-MIMO solution. 

Further details on feedback requirements can be found in [2 – 6].

3.2 Downlink signalling considerations

The maximum number of UEs that can be simultaneously-scheduled in the same RBs for MU-MIMO, the so-called maximum SDMA factor, needs to be decided.
The possibility of deploying ULA configurations such as ULA-8V, means that in general more then 8 non-orthogonal beams can be defined. However, an upper limit must be placed to allow standardization of signalling considering what is a reasonable expectation from a performance perspective, bearing in mind the potential signalling overhead in terms of resource grants and ACK/NACK transmission. It would be reasonable to define the maximum SDMA factor as the maximum number of orthogonal beams that can be generated by the subarrays of the eNB array times the number of subarrays. We therefore propose that a maximum of 8 spatially-multiplexed UEs would be supported in Rel-10.  
Other signalling aspects are as follows:
· RRC signalling

· Is a semi-static “MU-MIMO mode” needed? (like in Rel-8)

· In general, if the set of DCI formats the UE needs to receive is the same as when not in MU‑MIMO mode, then no RRC-configured “MU-MIMO” mode is necessary. (See also the discussion of power offset signalling below)
· Dynamic signalling. (This mainly relates to the assumptions made by the UE when deriving feedback, and the assistance which may be given to the UE to support advanced receiver processing.)
· Release 8 already allows for transparent MU-MIMO on the assumption that the UE does no special processing to handle interference from co-scheduled transmissions to other UEs. In LTE-A, we believe it is reasonable to aim to provide sufficient signalling to support MMSE or ZF type receive beamforming at the UE, but not necessarily full SIC of other users’ data.

· Information that could be considered for signalling to the UE could include:

· Number of co-scheduled UEs

· Identity of DRS patterns used for other co-scheduled UEs, together with details of their corresponding sequences
· Exact resource allocations for any co-scheduled UEs (not necessary if resource allocations for co-scheduled UEs are constrained or assumed to occupy the same set of RBs). Some aspects to consider are:

· The information fields and the overhead size of the control signalling to indicate the resource of co-scheduled UEs.  In particular, the length of the information fields increase when the number of layers and the number of resource blocks for co-scheduled UEs are different.  
· Note that the availability or otherwise of this information affects the assumptions the UE can make about whether the interference is constant across all the RBs of its own allocation; on the other hand, it should be borne in mind that with DRS the precoding may vary anyway even within one UE’s allocation. 

· The ability to use non-identical overlapping resource allocations for different UEs becomes more relevant with large resource allocations. 

· Power offsets

· If the UE can assume that the same EPRE is used for the UE-specific DM RS as for its own data, then there is no need for explicit power offset signalling. This should at least be the case for 2-layer transmission, for which it has been agreed that CDM is used between the UE-specific DM RS for the different layers. For higher numbers of layers, the need for power offset signalling would depend on whether CDM or FDM/TDM is adopted for the DM RS for different layers [7]. In the CDM case, the same DCI formats as for SU-MIMO could be used, and no RRC mode signalling would be needed. 

4 Conclusions

1. We believe that Grid-of-Beams and Zero-Forcing approaches to MU-MIMO are worth supporting in Rel-10. Suitable corresponding feedback mechanisms are outlined in [2]. 

2. For PMI-based feedback, downlink signalling support for updating the feedback codebook, or downloading new codebooks, is important for providing a robust MU-MIMO solution.
3. Up to a maximum of 8 spatially-multiplexed UEs should be supported in Rel-10.
4. An RRC-configured MU-MIMO mode would not be necessary if the UE can assume the same EPRE for DMRS and data. 
5. LTE-A should aim to provide signalling to support linear receive beamforming at the UE, but not necessarily full SIC of other users’ data. Signalling to support such UE receiver processing might include: 
· Number of co-scheduled UEs

· Identity of DRS patterns and DRS sequences used for other co-scheduled UEs 

· Exact resource allocations for any co-scheduled UEs
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� Note that other linear beamforming techniques could also be used.





