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1. Introduction

Multi-user MIMO considered in E-UTRA has four main aspects: 1) Closed loop mechanism and feedback 2) scheduling of more than one user in the same time frequency resources and 3) spatial stream separation and 4) receiver processing and complexity. Together these four aspects will prescribe the final MU-MIMO scheme accepted in LTE-MIMO. 

In addition, the co-existence of single-user and multi-user MIMO techniques is an important consideration for the design of both the techniques – as a result switching between these two techniques – SU-MU switching - will require careful consideration [4],[5]. 

This contribution provides a brief overview of schemes presented in previous meetings on MU-MIMO and SU-MU switching, followed by Freescale’s considerations and way forward.

2.  SU-MU Switching 
Two different switching methods presented are dynamic switching (DS) [1] and semi-static switching (SS). In dynamic switching, a user may switch between SU or MU modes from one sub-frame to the other. More generally, in a given subframe, some resource block may have multiple users in MU mode while some resource blocks may have users in SU mode – a given user may be in either mode in different RBs in the same subframe simultaneously. In contrast in semi-static switching, a user is either in SU mode or MU mode in a given subframe and the change of mode happens at a much slower rate, say in the order of a few radio frames. In either case, the Node B scheduler makes the decision about the mode of a given UE. The switching method used presents different requirements on the UE feedback as discussed below.
If it is assumed that the user has no a prior information about its MIMO mode, then the need to account for both modes in the UE feedback presents some challenges. In the DS scheme presented in [1], this problem is simplified by having the UE feedback it’s preferred precoding matrix from a codebook which can be used for both SU and MU modes – in addition, a preferred vector from the selected codeword is indicated for the MU mode. In the 2x2 case, a pair of users which select the same codeword but different code vectors are scheduled together – in the case when a given user does not find a pair as prescribed above, it is scheduled in the SU mode. In addition, two CQI values are fed back per user. However, this method presents severe restrictions on the performance of both SU and MU modes as elaborated below.  In contrast, in SS the UE is informed a priori by the Node B of its MIMO mode at a rate of the order of a few radio frames (for instance) – this allows the UE to tune its feedback overhead to the mode. In the SU mode, the feedback may be similar to that described for the DS method, i.e preferred codeword, rank and 2 CQI feedback – however for MU mode it may be sufficient to feed back a single CQI instead of two CQIs which considerably reduces feedback overhead. We can conclude that SS allows lower overall feedback overhead – a key requirement for a practical LTE-MIMO scheme.

	
	DS – PU2RC
	SS-ZF

	SU Mode
	Preferred codeword, preferred vector, 2 CQI
	Preferred codeword, rank, 2 CQI

	MU Mode
	Preferred codeword, preferred vector, 2 CQI
	Preferred codeword, preferred vector, 1 CQI


TABLE 1.
3.  Aspects of MU-MIMO
In the MU techniques presented in previous meetings, using multiple antennas, the Node B sends multiple spatial streams with each stream destined for a given user. There are basically two ways of implementing MU-MIMO, the difference being in how the separation of the spatial streams is achieved. 
In the PU2RC scheme in [1] for example, the separation of the streams is achieved at the UE effectively done by cancelling/nulling the interfering streams using multiple antennas at the receiver – thus the burden of separation is on the UE which mandates the use of an extra antenna for every interfering stream. In addition this requires extra computational complexity for nulling interfering streams. Thus for example in a 4x4 MIMO system, the UE may use up to three antennas to cancel 3 interfering streams to receive its own single stream at the cost of large relative complexity. 
In contrast, in zero-forcing (ZF) [2],[3] beamforming type methods, spatial separation of streams is the burden of the Node B. Based on feedback channel information, the Node B beamforms a stream to a given UE such that it causes little or no interference to the other UEs, i.e the stream transmitted to a given UE is nulled to the other UEs. Thus the UE can in theory function with only a single receive antenna – with multiple antennas at the UE, the extra antennas can be used for  receive beamforming which enhances performance with beamforming gain and also to cancel intercell type interference. The scaling shown in theory promised by MU-MIMO can indeed only be approached by ZF type methods as opposed to a UE separation based method.
4.  Comparisons of Switching and MU-MIMO methods
In the following, several aspects of both switching methods and MU methods are enumerated and compared. The four main aspects discussed are 1) Feedback overhead and mechanism, 2) Scheduling  3) Spatial stream separation  and 4) Receiver complexity.
1. As discussed in [2], the most important disadvantage of DS-PU2RC scheme is that SU MIMO performance is severely compromised to accommodate DS. This is because the codebook size for PU2RC to work effectively is 1 to 2 bits as shown [show ref] – since UEs are scheduled based on their preferred precoding codeword and codevector, the probability of scheduling UEs goes down drastically with increasing codebook size. As a result, SU MIMO is compromised, since a small (1-2) codebook can severely degrade closed loop MIMO performance as shown in many contributions to date.
2. Such a small codebook for SU MIMO will mandate a SIC type receiver in order to get good performance – thus the advantages of closed loop MIMO for SU mode such as low complexity receiver will be lost. 
3. A small codebook also implies sub-optimality for the MU mode. This is because smaller codebook implies larger loss in transmit beamforming gain – a smaller codebook allows a very coarse approximation to the optimal transmit beamformer from the Node B to the UE. On the other hand, a ZF type scheme gets higher beamforming gain from a larger codebook  - which the PU2RC scheme does not allow.
4. A small codebook in PU2RC also achieves a very coarse spatial separation of the paired/groups UEs and results in the interference component to become higher and a further degradation of SINR which would otherwise be reduced with more accurate beamformers. 
5. Thus a PU2RC type scheme with DS gives sub-optimal performance in both modes as a result of beamforming loss, coarse spatial stream separation and SINR loss.
6. Thus DS is highly suboptimal since it requires smaller codebooks – as a result other options like SS should be considered.

7. The pairing/grouping prescribed by PU2RC severely constraints the Node B scheduling algorithm, since the Node B does not have the freedom to choose the pair/groups of UEs in a given RB. The scheduler obliges to the grouping suggesting by the UE – thus the scheduling algorithm focuses more on the pairing of UEs rather than on the improvement of spectral efficiency by appropriate grouping. In contrast, ZF type methods allow more flexibility to the Node B scheduler to group UEs based on maximizing the sum throughput and spectral efficiency.
8. Further, the number of antennas at each UE and the receive beamformer used by the UE remains detached from the Node B side processing – hence the scheduling/beamforming at the Node B side proceeds independently of the number of antennas at each UE.

9. The feedback overhead comparison is given in Table 1 (refer to the discussion in Section 2) – in view of one of the most important considerations of LTE of reducing feedback overhead, SS-ZF type methods are more efficient and hence preferable.
10. As explained above the PU2RC and ZF type method differ mainly in the way the user separation is obtained. The PU2RC method imposes the burden of stream separation on the UE which requires one extra antenna for each stream to be nulled – this will also cause extra computational complexity on the UE side. 

11. Thus this scheme is limited by the number of antennas on the UE side. Since a UE requires an extra antenna for each interfering UE it is grouped with - a two antenna UE cannot be grouped with 3 other UEs having four antennas each since it cannot separate all the 3 users simultaneously – this will mandate only 2 UEs together – thus the system is limited by the UE with smallest number of antennas.

12. On the other hand, a ZF scheme is limited only by the number of Node B antennas – a N antenna Node B can beamform to N UEs simultaneously irrespective of the number of antennas at the UE.
13. 
14. In ZF, extra antennas at the UE can be used to enhance performance by receive beamforming and in addition use them to curb inter-cell type interference.

15. Extension to higher configurations: The DS-PU2RC scheme proposed in [1] presents complications and more loss in performance with higher number of antennas. First for the 4x2 case, pairing is inaccurate since the UE does not know which vector of the three possibilities the other UE is beamformed on. Secondly, for 4x4 the probability of a group of 4 users choosing the same codeword is even lower, giving further loss in performance. In contrast, ZF methods are easily extendable to higher configurations.

16. Finally the most important drawback of doing user separation at the UE side is the infeasibility of doing that in low rank and low geometry channels! Practical MIMO channels are low rank as exhibited by SCM models - sending multiple streams to a UE in a low rank channel makes it infeasible to separate the streams even with multiple antennas. This consideration makes it very important to consider ZF type methods which can function relatively well even in low rank UE channels since the separation done by the Node B is based on the independence of the different user channels.
It is clear from the above discussion, that SS and ZF type methods are more favourable for LTE-MIMO since it has definite advantages from several aspects including feedback overhead, scheduler flexibility, adaptability to higher MIMO configurations, workability in realistic channels, performance gains from multiple antennas at UE, and most importantly better performance both SU and MU-MIMO modes.
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