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1
Introduction
Different spatial processing techniques such as higher order SU-MIMO, MU-MIMO and coordinated multi-point (CoMP) operation are considered as enabling technologies for achieving the spectral efficiency requirements set in LTE-Advanced for LTE Release 10 [1]. 
In this document, we provide simulations results demonstrating possible gains of MU-MIMO operation. We also outline our views on air-interface support required for efficient operation of MU-MIMO operation in LTE-Advanced. 

2
Discussion
MU-MIMO operation in Release 8 of LTE is not optimized.  In particular, the feedback modes and the codebook structure are optimized for SU-MIMO operation and not MU-MIMO. Furthermore, dedicated reference signal (DRS) structure is provided only for one antenna port. Therefore, only non-orthogonal multiplexing of DRS for different users in MU-MIMO is possible. Furthermore, MU-MIMO operation based on common reference signal (CRS) should be based on codebook based precoding.
We will consider feedback and reference signal support for MU-MIMO in the following. We should note that a uniform approach for all closed loop spatial processing modes in terms of reference signal design and feedback operation is desirable as discussed in detail in [3,4]. Such an approach allows for seamless switching between these modes in a UE transparent way. 

2.1
Feedback 
In SU-MIMO scenario, UE has sufficient information to compute and report the precoder choice and corresponding CQI and rank information to the UE. This has been the base of Release 8 reporting schemes of PMI/CQI/RI to the eNodeB. For SU-MIMO the eNodeB can use the reported PMI as the transmit beam direction in transmission of the data.

However, in MU-MIMO and CoMP techniques the choice of the precoder and corresponding CQI and rank information, which will be used in rate prediction and MCS selection, will be dependent on the information from multiple UEs, which are not available at UE side. In these scenarios, the eNodeB can compute the choice of precoders for each UE provided that the spatial channel information of different UEs is accurately conveyed to the eNodeB. Without this accurate spatial channel direction, the transmit interference nulling gains can not be achieved. Therefore, as discussed in greater detail in [3], we recommend
·     Non-codebook based precoding is used to provide the gains achievable by MU-MIMO and CoMP. UE-RS structure agreed for demodulation already enables such operation in LTE Release 10.
·    High accuracy of spatial channel information feedback compared to Release 8 is required to achieve transmit nulling gains attainable using MU-MIMO and CoMP approach. 
· This will require employing feedback reduction schemes to provide transmit nulling gains in MU-MIMO. The reduction can be achieved through compression or efficient encoding techniques.
·     Feedback compression techniques by providing the significant information about the spatial channel, e.g. dominant eigen-vectors rather than all the channel coefficients.

·     Feedback encoding techniques such as the MDC approach described in [6] that exploits the frequency time correlation of the channel.
· The design of the feedback mechanisms and associated codebook structure for CDI should be done with the application of MU-MIMO and CoMP in mind. In particular, Release 8 codebook structure which is optimized for SU-MIMO scenario can not provide the accuracy required to achieve the gains. Furthermore, the codebook should be adaptable to different antenna configurations and propagation scenario and speed of the UE. The concept of configurable/downloadable codebooks can address this variety of scenarios. 
For CQI/RI rate prediction for MU-MIMO, the main issue is capturing the effect of potential multi-user interference in UE reporting. Since this information is not available at the UE, it would make sense for the CQI/RI prediction to be carried out at the scheduler. For scenarios with correlated antennas with closely spaced antennas and/or limited angular spread of the individual UEs, clustering of UEs can be on based long-term spatial channel statistics. In this case the UE can perform CQI/RI prediction based on semi-static assumption on the clustering and the beams utilized. It is also possible for the schedulers (eNodeBs) to dynamically provide UEs with implicit knowledge of clustering and beam-forming decisions (e.g. in a form of precoded RS) and UE in turn reflect these decisions in its CQI/RI report. In [3], we outline our views regarding a unified feedback mechanism for different spatial processing techniques in more detail. 
2.2
Reference Signal Design

Two type of reference signals are considered for LTE Release 10: UE-RS for PDSCH demodulation and CSI-RS that are used for providing feedback of CQI, RI, PMI or channel direction information (CDI) as needed [2]. UE-RS is agreed to be UE-specific and is precoded with the same beams that are used for transmission of data at different layers. Having UE specific UE-RS design will allow for non-codebook based precoding for different spatial processing techniques which enables efficient MU-MIMO and CoMP operation.
There has been a lot of discussion on the reference signal design. In [4], we have outline some UE-RS design principles and studied some patterns designed based on those principles. In the context of MU-MIMO, streams from different users should be multiplexed in orthogonal manner. Non-orthogonal multiplexing of the UE-RS for different users can deteriorate the channel estimation performance especially for the high C/I users. The orthogonal multiplexing of the UE-RS can be achieved by signaling the UE specific offset in a dynamic (PDCCH) or semi-static fashion. 

2.3
Achievable MU-MIMO performance

Performance evaluation results for LTE-Advanced under different ITU scenarios are provided in [5]. Table I provides the performance comparison of SU-MIMO and MU-MIMO schemes for UMi channel. The performance is shown in terms of cell-edge (10- percentile), median and mean UE throughput in the system. The CDF of UE throughput is also shown Figure 1. The simulations are based on 17 eNodeB hexagonal layout with random placement of 10UE/cell.
The antenna configuration is 4x2 with transmit antenna spacing of 10λ. The speed of UE for UMi scenario is 3 km/h. In the simulation, because of the large antenna spacing and low speed, the clustering (pairing) of the users are based on short-term spatial channel information. The user pairing and selection is done based on a utility maximization framework. The beam selection is done at the eNodeB and is based on SLR (signal to leakage ratio) metric which optimizes the beam direction for each UE while accounting for the interference caused for the other multiplexed UEs. To optimize for the choice of beams, high accuracy information about spatial channel is required at the scheduler. Moreover, UE-RS for all the multiplexed UEs is used that allows for non codebook based precoding obtained based on SLR metric. Also since MU-MIMO is beneficial at the high C/I as well, orthogonal multiplexing of the UE-RS among users is assumed to avoid C/I flooring issues in channel estimation.

As it can be observed from Table I , MU-MIMO provides significant gains over SU-MIMO. The gain for UMi scenarios is about 35%. 

Table I: Performance of SU-MIMO and MU-MIMO for ITU UMi scenario
	
	Cell-edge Thr.
	Median Thr.
	Mean Thr.

	SU-MIMO
	0.89
	1.78
	1.98

	MU-MIMO
	1.05
	2.49
	2.70
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Figure 1: CDF of UE throughput, UMi Scenario
3 Conclusion
In this paper, we provided simulation results on the achievable gains of MU-MIMO over SU-MIMO operation in Release 10. It is shown that MU-MIMO can provide significant gains. In order to approach these gains, we outline the requirements on the UE feedback and reference signal design. These requirements are also applicable for CoMP operation and provide a unified approach for operation of these spatial processing schemes. In particular, high accuracy of the spatial channel direction information is required at the eNodeB to realize the interference nulling gains. Furthermore, since MU-MIMO operation is more beneficial at high C/I regime, orthogonal multiplexing of the UE-RS of different UEs is desired to avoid C/I floor in channel estimation in this regime. 
In summary, a unified and seamless operation of different spatial processing techniques including SU-MIMO, MU-MIMO and CoMP can be envisioned by taking the following approaches (discussed in more detail in [2,3]):
·    Operation based on user specific precoded RS with orthogonal multiplexing of the users.

·    Providing high accuracy feedback of spatial channel information with the following aspects taken into consideration:
· Overhead reduction:

·    Feedback compression techniques to provide the significant information about the spatial channel, e.g. dominant eigen-vectors.
·    Efficient feedback encoding schemes (see e.g. [6]) exploiting the time-frequency correlations of the channel.

· Design of advanced codebooks that 
·   Provide high accuracy of feedback to enable different spatial processing techniques.
·   Are configurable based on different system parameters such as antenna configuration and propagation conditions of the channel to the users.

·    Providing CQI/RI reporting mechanisms to enable accurate scheduling and user selection (possibly across the network in CoMP) and better rate prediction in MU-MIMO and CoMP. One possible approach would be for the UE to provide CQI/RI based on a dynamic or semi-static implicit knowledge of beam-forming choices made by the scheduler as explained in [3].
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